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Abstract
Metallic Magnetic Calorimeters (MMCs) are low temperature particle detectors which
can be used for a wide range of applications including high-resolution γ-ray spectroscopy. High energy resolution in γ-ray spectroscopy is desired for Non Destructive
Assay (NDA) of nuclear material and improved measurements of nuclear data. Our
group has been developing γ-ray MMCs that should ultimately provide energy resolution more than an order of magnitude better than the benchmark detector technology,
high purity germanium detectors (HPGe). Two components of these MMCs have been
developed as a part of this dissertation: an on-chip passive superconducting persistent
current switch and an improved microfabrication technique for electroforming cantilevered particle absorbers thick enough to have adequate stopping power for gamma
rays.
MMCs can require large on-chip magnetizing currents of order ∼100 mA to achieve
optimal performance. To minimize noise injected from room-temperature current supplies, it is useful to trap these currents in on-chip persistent superconducting loops.
These loops have so far used electrically heated persistent current switches. However,
wire count can be reduced and on-chip design flexibility increased by using a passive
superconducting persistent current switch with a superconducting critical temperature (Tc ) intermediate between Tc of the Nb loop and the operating temperature of
the MMC. In addition, it is desirable for the Tc of the switch to be above the regenerv

ation temperature on the single-shot adiabatic demagnetization refrigerators (ADRs)
that are widely used in the field. We have developed a new passive persistent current
switch based on niobium-tantalum (NbTa) alloy shunts. With this approach we have
demonstrated trapping of on-chip persistent currents up to 150 mA with no evidence
of flux creep over 20 h, and persistence of 100 mA trapped current through several
regeneration cycles of our ADR with a regeneration temperature of 2 K.
MMC absorbers for higher-energy photons can require substantial thickness to
achieve adequate stopping power. We developed a new absorber fabrication process
using dry-film photoresist to electroform cantilevered, thick absorbers from gold. The
new method is fully compatible with the microfabrication process for Superconducting
QUantum Interference Devices (SQUIDs), and requires much less time, effort, and
rework than other methods that have been used for this purpose. With this method
we have so far electroformed 30 µm thick absorbers attached to MMC devices and
demonstrated fabrication of 100 µm thick absorbers on test structures by layering
two dry-film resists.
Both of these improvements have been successfully applied to our MMC designs.
With the completed prototype devices our collaborators at Lawrence Livermore National Lab have recently demonstrated 38 eV energy resolution for 60 keV γ-rays from
241

Am test source, while a reasonable estimate for HPGe resolution would be 310 eV.

To our knowledge this is the best MMC energy resolution performance that has been
achieved to date. This demonstrates feasibility of our detectors for high-resolution
γ-ray spectroscopy.
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Chapter 1
Introduction
Nuclear power plants are an attractive source of energy for many developing countries because they are carbon-free, efficient and provide long term energy security.
Concerns arise from fact that the technology developed for nuclear power can also be
used to develop a nuclear weapon [74]. Additionally, spent nuclear fuel from power
plants contains various plutonium isotopes and all of the Pu isotopes are fissionable,
thus can be used to make bare critical assembly[69]. For global security, the amount
of different Pu isotopes needs to be monitored in reactors and nuclear enrichment
facilities to ensure that weapons-grade Pu is not being generated in critical amounts.
This can be done by using destructive assay (DA) of nuclear material, e.g., mass
spectrometry, or by non-destructive assay (NDA), e.g., γ-ray spectroscopy [52]. Mass
spectrometry can provide the highest accuracy but it is time consuming because it
requires chemical separation of the sample. On the other hand, NDA methods are
fast and less expensive but have less accuracy. Methods that are used for this purpose especially fail to measure the amount of Pu isotopes in the 45 keV range [5] and
100 keV range [80], because their characteristic γ-rays have low intensity peaks with
energies that are very close to those of other isotopes.
When γ-ray is absorbed in a matter, it interacts through various processes, e.g.,

1

photoelectric absorption, Compton scattering and pair production depending on the
energy. All these processes generate free electrons which later are stopped by generating electron-hole, electron-ion pairs, phonons and other quasiparticles. At the end,
the energy down-conversion is finalized by complete thermalization of all processes.
Products of these processes at different stages can be used to measure the energy of
the absorbed γ-ray.
High purity germanium detectors (HPGe) [29] are the benchmark technology for
the γ-ray spectroscopy of the nuclear materials. The detector consists of a purified
germanium crystal with n and p doping in two sides, placed in between two electrodes
in a reverse biased diode configuration. When the γ-ray is absorbed, these electrodes
collect the electron-hole pairs before the energy is fully thermalized. Assuming the
number of electron-hole pairs is proportional with the energy of the absorbed particle,
by measuring the electrical current one can estimate the energy of the γ-ray. These
detectors are fast, with a photon count rate around 50 kc/s, have wide detection area,
in the order of cm2 , and operate at liquid nitrogen temperatures, thus don’t need
complex cooling systems for very low temperatures, but they have limited energy
resolution.
To understand the fundamental limit of their energy resolution we assume that
during charge collection, part of the total energy is in phonons. Fluctuations in number of electron-hole pairs and phonons cause the uncertainty in the measured energy.
This is known as the Fano factor [38] and sets the fundamental energy resolution for
the ionization detectors. The energy resolution is given by the equation:

p
∆EFWHM = 2.36 0 Eγ F

(1.1)

where ∆EFWHM is the full-width half-maximum energy resolution, 0 is the average
energy per ionization, Eγ is the energy of the absorbed γ-ray and F is the Fano factor.

2

The derivation of this expression can be found in Appendix B. For HPGe detector
0 = 2.9 eV and the Fano factor is typically around 0.1. For the detector operating at
LN2 temperature, the energy resolution is estimated to be around 400 eV for 100 keV
γ-rays, which is not enough to distinguish Pu isotopes.
Alternatively, high-resolution γ-ray spectra can be obtained by using low-temperature
microcalorimeters. A typical microcalorimeter consists of an absorber which is thermally coupled to a very sensitive thermometer, and these two have a weak thermal
link to a thermal bath. Schematic diagram of microcalorimeter is shown in Figure
1.1.

Figure 1.1: Diagram of a microcalorimeter.
When the particle is stopped by the absorber, after complete thermalization, its
temperature is increased proportional to the energy of the absorbed particle. By
measuring this temperature change and knowing the heat capacity of the absorber,
the energy of the absorbed particle is calculated. Here it is important to note that the
temperature change includes thermalization of all processes, both the ionizations and
phonons that are generated due to the particle absorption, thus microcalorimeters
3

don’t suffer from the Fano factor.
The fundamental energy resolution of the microcalorimeters comes from the thermal fluctuations between the absorber and the thermal bath. The expression for the
energy resolution can easily be derived from canonical ensemble (see Appendix C):
p
∆EFWHM = 2.36 kB CT 2

(1.2)

where kB is the Boltzmann constant, C is the heat capacity of the absorber and T
is the operation temperatures. This equation shows that the energy resolution of
the microcalorimeters does not depend on the energy of the absorbed γ-ray and by
operating the them at very low temperatures, <50 mK, and with very small heat
capacity absorbers, ∼50 pJ/K, it is possible to obtain smaller energy resolutions,
∼40 eV. On the other hand, to keep the heat capacity small the size of the absorber
needs to be small which means that array of detectors would be needed to obtain
enough detection area.
Transition Edge Sensors (TES) are widely studied type of microcalorimeters [53,
94] that successfully demonstrated compatibility for high-resolution γ-ray spectroscopy
[25, 103]. TESs use steep change of resistance around superconducting transition temperature of the sensor to measure the temperature change accurately. To operate at
the transition temperature the TES needs to be biased with some bias current, which
dissipates some power. This means that they needs to be operated at above the base
temperature which is not ideal for the lowest heat capacity and this would became
even worse as number of pixels is increased in the array. Bacrania et al. obtained
22 eV energy resolution for 97 keV γ-rays with single-pixel TES [2] but in 256-pixel
configuration the energy resolution degraded to 53 eV [8]. Additionally, physics of the
TESs is based on transport physics which is complex and often very sensitive to the
exact purity and process conditions, for this reason TES is still understood partly on
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a phenomenological basis.
Alternatively, Metallic Magnetic Calorimeter (MMC) is a type of microcalorimeter which employs a paramagnetic sensor for the thermometry [40]. Physics of the
MMCs is based on well known equilibrium thermodynamic properties of paramagnetic materials. This makes them relatively easy to study and optimize for particular
application. They have already shown compatibility for NDA of nuclear material with
46 eV energy resolution at 60 keV energy range [6]. MMCs have potential to surpass
performance of the other types of low temperature microcalorimeters, because they
have several advantages: 1) Magnetization is an equilibrium thermodynamic property, so microfabrication process variation has less impact on detector performance.
2) They don’t dissipate any power at the sensor; this means they can be operated
at lower temperatures and their performance should not degrade as number of pixels is increased. 3) Electron-phonon and electron-spin thermalization times can be
extremely fast, yielding pulse rise times faster than 0.1 µs at 100 mK. 4) Their sensitivity relatively less depend on heat capacity of the absorber. This makes them
suitable for applications where big heat capacity absorbers is needed, i. e., γ-ray
spectroscopy.
This dissertation describes development of high energy resolution γ-ray MMC
which can be used for NDA of nuclear material. In Chapter 2 we discuss the physics
of different components of the MMCs and various noise sources that can affect the energy resolution. Chapter 3 describes the fabrication of the complete MMCs including
a new fabrication process that we developed to electroform thick, cantilevered gold
absorbers to stop γ-rays. Chapter 4 describes the circuit that was built to magnetize
the paramagnetic sensor of the MMC. It includes development of a new passive persistent current switch with NbTa alloy shunts which is used to trap the magnetizing
current in on-chip persistence loop. Chapter 5 describes UNM cryostat, a rigid thermally isolating “stacked sapphire suspension” and upgraded device characterization
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stage. The suspension is new, designed by Dr STP Boyd and built as a part of this
dissertation. Chapter 6 shows performance of our MMCs, and assesses their feasibility for NDA of nuclear material. Lastly, in Chapter 7 we give the summary of the
dissertation and the outlook for our MMCs.
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Chapter 2
MMC Physics
In this chapter, the physics of different components of the MMC is briefly described
with detailed discussion of the thermodynamic properties of the paramagnetic sensor
material. It is mostly adapted from [40] with some additional sources as referenced
in the text. We then describe how this information is used with computational tools
to estimate the device signal. Additionally, we discuss fundamental energy resolution
and different noise sources that can affect the performance.

2.1

Components of MMC

A schematic of an MMC is shown in Figure 2.1. It consists of a particle absorber with
a paramagnetic sensor in a small magnetizing field and a superconducting quantum
interference device (SQUID) as a magnetometer. When a particle is absorbed, the
temperature of the absorber and paramagnetic sensor increases in proportion to the
particle energy, and the magnetization of the sensor decreases. This magnetization
change is transferred to the SQUID by using a superconducting flux transformer as
shown, or can be measured directly within the SQUID loop. The energy of the particle
can then be estimated with high precision from the amplitude of the resulting SQUID
signal.
7

Figure 2.1: An MMC consists of absorber, paramagnetic sensor and a SQUID. Magnetic flux change of the paramagnetic sensor is transferred to the SQUID by using a
superconducting flux transformer here.
The temperature rise of the absorber and sensor material can be expressed by:

∆T =

∆E
Ctot

(2.1)

where ∆E is the energy of the absorbed particle and Ctot is the total heat capacity of the absorber and the paramagnetic sensor. The magnetization change of the
paramagnetic sensor due to this temperature change would be:

δM =

∂M
∂M δE
δT =
∂T
∂T Ctot

(2.2)

From this expression we can see that the magnetization change or the amount of
the signal that can be measured by the SQUID is proportional with temperature
dependence of the magnetization of the paramagnetic sensor which is desired to be
large and inversely proportional to the total heat capacity which should be small. The
temperature dependence of both of these quantities will be discussed in the following
sections.
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2.2

Absorber

First part of the MMC is an absorber, which is used to stop the incident particles. The absorber of the MMC is desired to have small heat capacity, high thermal
conductance, enough stopping power and be convenient for fabrication. Dielectrics
and superconductors promise very low heat capacity at low temperatures but their
thermal conductance decreases as well, which may cause position dependence of the
signals in MMCs in our application. Among normal metals gold, silver and copper
are some of the best thermal conductors at low temperature. If their heat capacity
per stopping power is compared the gold is the best. It is widely used in microfabrication of various modern technologies, thus it can be deposited by sputtering, thermal
evaporation, galvanization and electroplating. It is one of the densest metals with
density ρAu = 19.3 g/cm3 , thus it has very good stopping power.
Attenuation of incident photons through a material is given by:
I
= exp (−µt)
I0

(2.3)

where I0 is the incident intensity, I is the intensity after thickness t and µ is the
attenuation coefficient. By using this equation and the attenuation coefficients from
NIST website [85] we can estimate stopping power of the gold absorber for different
thicknesses as shown in Figure 2.2. From this figure, we can see that 30 µm thick
absorber can only stop 20 % of 60 keV gamma-rays and for the higher energy gamma
rays 100-200 µm thick absorbers are desirable to increase the detection efficiency.
Heat capacity of the gold absorber at very low temperatures can be calculated by
using electronic and phonon heat capacities:

Cabs = Celec + Cphon = γAu T + βAu T 3
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(2.4)
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Figure 2.2: Percentage of stopped photons vs incident photon energy. Plot is obtained
by using mass energy-absorption coefficients from NIST website which is based on
[86]. The sharp discontinuities at 80 keV correspond to the “absorption edge” of the
K shell of Au.
Where the coefficients γAu = 6.89 × 10−4 J/molK2 and βAu = 4.57 × 10−4 J/molK4
are given by [70].
Additionally, while considering the absorber of the MMC we need to prevent
escape of athermal phonons. Fast athermal phonons, which are generated during
initial downconversion of the absorbed energy, can escape to the thermal bath before
fully thermalization of the paramagnetic sensor. This energy leak degrades the energy
resolution. To prevent escape of athermal phonons, absorbers are usually grown on
few micron tall posts as a cantilevered structures[41]. Total area of the posts are
typically few percent of total absorber area.
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2.3

Paramagnetic Sensor Material

The second and maybe the most important part of the MMC is the paramagnetic
sensor. Desired properties for the sensor material include low heat capacity, strong
temperature dependency of magnetization and high thermal conductivity. Early magnetic calorimeters employed paramagnetic sensor with dielectric host [17] which was
limited by slow relaxation times due to weak interaction between localized magnetic
moments and phonons. To improve the thermalization of the magnetic moments,
paramagnetic sensors with metallic hosts was introduced [4] which utilize conduction
electrons for the thermalization.
Commonly used paramagnet has diluted concentrations of Er+3 ions in gold.
Physics of AuEr is well understood [42, 34], it is suitable for microfabrication, so
it is used in most of the MMCs developed up to date. On the other hand it is
expected that the electric field gradients of the Er+3 ions results in quadrupole splitting of the Au nuclei, which has nuclear spin - I of 3/2, and this causes additional
heat capacity at very low temperatures as shown in Figure 2.3 [48, 34]. This additional heat capacity changes decay structure of the recorded pulses taken at very low
temperatures which may degrade energy resolution and cause difficulties for a pulse
processing.
On th other hand, since silver has nuclear spin of 1/2, it is expected not to
have the quadrupole splitting. This was verified by comparing the relaxation of
signals in MMCs with AuEr and AgEr paramagnets [33]. On the other hand it is
believed that silver has stronger exchange interaction between its conduction electrons
which may increase interaction between Er+3 ions and this will contribute to the heat
capacity[19], but this should still be less than the quadrupole heat capacity of the Au
host metal, at very low temperatures.
Au and Ag have very similar physical properties, they both are diamagnetic metal
with fcc crystal structure with very close lattice constants (aAu = 4.08 Å and aAg =
11
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Figure 2.3: Heat capacity of AuEr systems with different concentrations at low temperatures. The figure is adapted from [39].
4.09 Å). When low concentration of Er is added in to Au or Ag they form a solid
solution [81], by replacing Au or Ag atoms at regular fcc sites, Er gives three electrons
to the conduction band of the host and becomes Er3+ with electron configuration
[Kr]4d10 4f 11 5s2 5p6 . Here it is the 4f electrons that result in the paramagnetism of
the sensor. The 4f shell has only about 0.3 Å radius and it is located deep inside 5s
and 5p shells, it is partially protected from the crystal field. As a result the magnetic
moment can be written in terms of total angular momentum J as:

µ = gJ J

(2.5)

where gJ is the Lande factor and can be written in terms of J and spin angular
momentum S and orbital angular momentum L as:

gJ = 1 +

J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1)
12

(2.6)

For Er+3 , L = 6, S = 3/2, J = L + S = 15/2, thus gJ = 6/5. For low concentrations
of Er in Au or Au, at high temperatures (above 100 K) the magnetization of the
AuEr can be described with Eq. 2.5 [99], but at low temperatures one needs to take
into account the crystal field. Crystal field of the fcc lattice of the Au bring out the
sixteen-fold degeneracy of the Er+3 including one Γ6 , one Γ7 doublet and three Γ8
quartets with Γ7 being the ground state doublet [46]. Here the ground Γ7 doublet
is separated from lowest Γ8 by an energy gap of 17 K·kB and 25 K·kB in AuEr and
AgEr respectively [46]. At low enough temperatures and magnetic fields physics of
AuEr can be approximated as a two level system with effective spin S̃ = 1/2 and
isotropic g factor g̃ = 6.8 which was proved by ESR experiment [93]. Additionally,
measured magnetic susceptibility vs temperature plot for 600 ppm AuEr as shown in
Figure 2.4 indicates that the data can be fit Curie law with two different sets of S
and g values for two different temperature ranges [39]. Since we are interested in sub
100 mK temperature range we can treat the system as a spin-1/2 system.

2.3.1

Non-interacting Magnetic Moments

To understand temperature and magnetic field dependency of the magnetization and
the heat capacity of the paramagnetic sensor material, we will start with the simplest
case, where we have N non-interacting spins. The partition function of the system in
canonical ensemble is defined as:

z=

X

e−Ei /kB T

(2.7)

i

where kB = 1.381 × 10−23 J/K is the Boltzmann constant, T is the temperature and
Ei is the energy of a magnetic moment in applied field which is defined as −µ · B.
For spins with secondary spin quantum number mS = ±1/2, which are aligned in the

13

10 2

Susceptibility [a.u.]

AuEr 600 ppm
S = 1/2
g = 34/5

10 0

10 -2

J = 15/2
g = 6/5

10 -4
10 -4

10 -2

10 0

10 2

Temperature [K]
Figure 2.4: Magnetic Susceptibility of 600 ppm AuEr. Around operation temperatures of MMCs, it behaves as spin-1/2 system. The figure is adapted from [39].
direction of the applied magnetic field, B, the energy can be written as:
1
E±1/2 = ∓ g̃µB B
2

(2.8)

where µB = 9.274 × 10−24 Am2 is the Bohr magneton. To calculate the heat capacity
- C, the magnetization - M and the derivative of the magnetization w.r.t temperature
of the system one can use the following thermodynamics equations[76]:
N  2
hE i − hEi2
kB T 2
N D ∂E E
M =−
V ∂B
(
)
D ∂E E
D ∂E E
∂M
N
=
E
− hEi
∂T
V kB T 2
∂B
∂B
C=

14

(2.9)
(2.10)
(2.11)

Here N is the number of the spins, V is the volume and the angle brackets mean the
expectation value or the mean of the quantity. In canonical ensemble the mean value
of any operator is defined as:
P
−Ei /kB T
i Xi e
hXi = P
−Ei /kB T
ie

(2.12)

By using equation 2.8 in 2.12 for spin-1/2 system we get:
 g̃µ B  e−g̃µB B/2kB T − eg̃µB B/2kB T 
B
hEi =
2
e−g̃µB B/2kB T + eg̃µB B/2kB T
 g̃µ B 2
B
hE 2 i =
2

(2.13)
(2.14)

Using these equations in Eq. 2.9 one gets the heat capacity as:

Cnon-int

 E 2
eE/kB T
= N kB
kB T (eE/kB T + 1)2

(2.15)

where E = g̃µB B/2. Similarly for the magnetization one gets:

Mnon-int =

 E 
N1
g̃µB tanh
V 2
kB T

(2.16)

which is a simplified version of the well-known Brillouin function for spin-1/2 system.
Plots of these functions are shown in Figure 2.5. The heat capacity displays well
known Schottky anomaly with highest value at T ' 0.42E/kB , at low temperatures
it behaves as ∼ e−E/kB T and at high temperatures it behaves as ∼ B 2 /T 2 . The
magnetization is plotted w.r.t. 1/T where it gets saturated at low temperatures. For
comparison we have also plotted the Curie law approximation M ∝ 1/T , which holds
at high temperatures and low magnetic fields.
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Figure 2.5: (Left) Heat capacity of non-interacting spin-1/2 system shows Schottky anomaly. (Right) Magnetization of non-interacting spin-1/2 system is given as
Brillouin function, Curie Law is plotted for comparison.

2.3.2

Interacting Magnetic Moments

The thermodynamic properties of the non-interacting spin-1/2 system helps to illuminate the physics of the paramagnetic sensor material but it is not sufficient for
quantitative analysis and estimation of MMC performance. To obtain more realistic
heat capacity and magnetization of the paramagnetic material we need to consider
the magnetic dipole-dipole and indirect exchange interactions between the spins.
The dipole-dipole interaction between two magnetic moments, µi and µj , which
are located at positions r i and r j is given as:
Hijdipole =

µ0 1 
µi · µj − 3(µi · r̂ ij )(µj · r̂ ij )
3
4π rij

(2.17)

where µ0 = 4π × 10−7 H/m is the magnetic permeability of free space, rij is the
distance between two magnetic moments and r̂ ij is a unit vector in the direction from
µi to µj . Since the material that we are interested in can be assumed spin-1/2 system
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we can write this expression in terms of effective spins, S i and S j as:
Hijdipole = Γdipole

n

o
1
˜
˜
S̃
·
S
−
3
S̃
·
r̂
S
·
r̂
i
j
i
ij
j
ij
(2kF rij )3

(2.18)

with Γdipole = (µ0 /4π)(g̃µB )2 (2kF )3 and kF is the Fermi vector of the host metal’s conduction electrons, which is nearly equal for both silver and gold kF =1.2 × 1010 m−1 .
The indirect exchange interaction between the Er 4f electrons is mediated by
the host metal’s conduction electrons. This interaction is called RKKY interaction
after Ruderman-Kittel[83]-Kasuya[60]-Yosida[101]. RKKY interaction between two
erbium effective spins can be written as:


HijRKKY = ΓRKKY S̃ i · S˜j F (2kF rij )

(2.19)

where the function F (x) is defined as:

F (x) =

i
1
1h
cos
(x)
−
sin
(x)
x3
x

(2.20)

and the prefactor as:

ΓRKKY = J 2

2V02 m∗e kF4 g̃ 2 (gJ − 1)2
~2 (2π)3
gJ2

(2.21)

Here J represents the coupling energy between the spins and conduction electrons,
V0 is the volume of the elementary cell and m∗e is the effective mass of the conduction
electrons. Measured values of J for AuEr and AgEr are 0.1±0.02 eV and 0.16±0.03 eV
respectively [93]. Thus, it is expected that effect of RKKY interaction in AgEr is
(0.16/0.1)2 ≈ 2.6 times bigger than in AuEr.
Since both the dipole-dipole interaction and the indirect exchange interaction are
3
proportional to 1/rij
, we can compare their strength by introducing a dimensionless
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parameter:
α=

ΓRKKY
Γdipole

(2.22)

We are going to use this α as a key parameter in the following mean field analysis. There are several ways of calculating the heat capacity and magnetization of
interacting erbium spins. The accurate ones that require some computational power,
involve randomly distributing the erbium atoms in lattice of gold atoms, generating eigenvalue problem with a Hamiltonian matrix including HijZeeman , Hijdipole and
H RKKY terms and a large eigenstate matrix, and solving this problem for eigenvalues
of the energy for many different configurations and then averaging to obtain the heat
capacity and magnetization [84, 39].
However, sufficient accuracy can be obtained using analytical expression for the
distribution of exchange interaction fields in the framework of mean field approximation [34, 19]. Walker and Walstedt [95, 96] have shown that, in a medium with
randomly distributed magnetic moments, the probability distribution of the exchange
interaction field P (b) can be written as:

P (b) =

Where

R∞
0

b2
4
π (1 + b2 )2

(2.23)

P (b)db = 1 and b is related with the exchange interaction field as:

±
Bexch
= ±2

µ0 8πn αg̃µB
b
4π 3 4a30

(2.24)

where n is the concentration of erbium atoms and a0 is the lattice constant of the
host metal. P (b) is plotted in Figure 2.6 for α = 3 and 10 to compare Bexch in Au
and Ag hosts. In Ag, these fields can be as large as a few milliteslas, which can
be comparable to the magnetizing field. Adding this field to the externally applied
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magnetizing field B in Eq. 2.8 one gets:
1
E±1/2 = ∓ g̃µB (B + Bexch )
2

(2.25)

Here Bexch can be parallel or anti-parallel to the externally applied field. To take this
into account one can assume half of the spins feel the parallel field and the others feel
the anti-parallel field.
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Figure 2.6: Distributions of exchange interaction field P (b) for Au (α = 3) and Ag
(α = 10) hosts.
Thus, total heat capacity, magnetization and derivative of magnetization w.r.t.
temperature as a function of T and B can be calculated by using:
Z

∞

h1
i
1 −
+
C(B, T ) =
dbP (b) C (B, Bexch (b), T ) + C (B, Bexch (b), T )
(2.26)
2
2
Z0 ∞
i
h1
1
M (B, T ) =
dbP (b) M + (B, Bexch (b), T ) + M − (B, Bexch (b), T )
(2.27)
2
2
0
Z ∞
i
h 1 ∂M +
1 ∂M −
∂M
(B, T ) =
dbP (b)
(B, Bexch (b), T ) +
(B, Bexch (b), T ) (2.28)
∂T
2 ∂T
2 ∂T
0
Where the + superscript indicates the quantity is to be calculated assuming Bexch
parallel to B, and the − superscript assuming anti-parallel. By using Eq. 2.25 in 2.9,
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2.10, 2.11 and 2.12 we obtain:
∞

i
2
2
y+
y−
+
(ey+ + e−y+ )2 (ey− + e−y− )2
Z0 ∞
h
i
nNA
dbP (b) tanh (y+ ) + tanh (y− )
Mint-1/2 (B, T ) =
4g̃µB Vm 0
Z
i
h
∂Mint-1/2
nNA g̃µB ∞
y+
y−
(B, T ) =
dbP (b) y+
+
∂T
Vm T
(e + e−y+ )2 (ey− + e−y− )2
0
Z

Cint-1/2 (B, T ) =2nNA kB

h
dbP (b)

(2.29)
(2.30)
(2.31)

where NA is the Avogadro’s number, Vm is molar volume and y± is defined as:

y± =

±
g̃µB (B + Bexch
)
2kB T

(2.32)

Equations 2.29, 2.30 and 2.31 are solved in MATLAB by using adaptive GaussKronrod quadrature integration. In Figure 2.7 we compare heat capacity and magnetization obtained here with non-interacting spin-1/2 system case which was discussed
in Section 2.3.1. We see that including the exchange interaction in the analysis
increases the heat capacity above 20 mK and decreases the magnetization at low
temperatures significantly.
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Figure 2.7: Comparison of the heat capacities and magnetizations of non-interacting
and interacting spin-1/2 systems.
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2.3.3

167

Er Isotope

In the previous section we have treated the Er+3 ions in a host metal as a twolevel system. This is true for all isotopes of erbium except

167

Er, which has 22.9 %

natural abundance and has nuclear spin of I = 7/2. Hyperfine interaction of nuclear
spin of

167

Er with its 4f shell electrons splits ground state Kramers-Γ7 doublet into

(2S̃ + 1)(2I + 1) = 16 eigenstates in the presence of externally applied magnetic field
as shown in Figure 2.8. All eigenstates can be categorized in two groups with total
angular momenta F = 3 and F = 4 with zero field energy gap of ∆E =140 mK·kB .
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Figure 2.8: Energy-level splitting of
netic field from Eq. 2.33.

167

Er in the presence of externally applied mag-

Calculation of heat capacity, magnetization and temperature derivative of magnetization for the system of 167 Er isotopes are very similar to the calculations described
in the previous section except now we need to include all 16 states in the Equations
2.9, 2.10 and 2.11.
Energy eigenstates of 167 Er in terms of angular quantum number - F and magnetic
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quantum number - mF is given by [19]:

E167 Er





 1+ B
1
1
B0
= − A−mF gN µN B + A(2I +1)(F −I) q

4
2

 1 + 4mF B + ( B )2
2I+1 B0
B0

,for mF = 4
all others
(2.33)

where the nuclear magneton µN = 5.051 × 10−27 J/T and

B0 =

1
A(2I
2

+ 1)
= −29.5 mT
gN µN + g̃µB

(2.34)

with hyperfine constant and nuclear g-factor derived from ESR experiments to be A =
−0.0335 K·kB and gN = −29 [87]. Again, B in Eq. 2.33 is replaced by (B + Bexch )
to include indirect exchange interaction. Equations 2.26, 2.27 and 2.28 are solved
numerically by using MATLAB.
To obtain the heat capacity and magnetization of the paramagnetic sensor with
natural erbium ions, we can combine two systems, one interacting spin-1/2 system
and the other, interacting 16 fold system, weighted by their abundance as:

Cpm =pEr167 CEr167 + (1 − pEr167 )Cint-1/2

(2.35)

Mpm =pEr167 MEr167 + (1 − pEr167 )Mint-1/2

(2.36)

Here pEr167 is the percentage of

167

Er isotopes in the mixture. In Figure 2.9 we

have plotted heat capacity and magnetization of AuEr paramagnet with enriched
and natural erbium for comparison. We can see that including the

167

Er isotopes

degrades both the heat capacity and the magnetization. In our present generation
devices we have used natural erbium to make 1000 ppm AgEr sensor, this can be
replaced by the enriched erbium to improve the performance.
To make sure that our model is correct, in Figure 2.10 (Left) we have plotted
data and model from [39] and result of our model with their parameters. Here we
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Figure 2.9: Comparison of the heat capacities and magnetizations of paramagnets
with enriched vs natural erbium.
can see that our model is consistent with their data and model. By using this model
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Figure 2.10: (Left) Comparison of the heat capacities of 480 ppm AuEr from [39]
with our calculations. (Right) “Signal” vs applied magnetizing field for 1000 ppm
AgEr (α = 10) at two different operating temperatures.
now we can calculate the Eq. 2.2. In Figure 2.10 (Right) we have plotted

∂M 1
∂T C

versus the applied magnetizing field at two different operating temperatures. Here
we can see that the measured signal can be maximized by operating the devices at
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cold temperatures and with ∼10-15 mT magnetizing fields. With our present spiral
coil designs this is achieved by applying 100-150 mA magnetizing currents. One of
main contributions of dissertation is development of the magnetization circuit used
to apply such currents to our present MMCs. The magnetization circuit is discussed
in detail in Chapter 4.

2.4

dcSQUID

The last part of the MMC is the dc SQUID. A general discussion of SQUID function
and design can be found in [27], and is beyond the scope of this dissertation. However,
in the interest of a self-contained presentation of the MMC, we briefly review some
key concepts here.
It is the most sensitive magnetometer present and used to convert a magnetic flux
change into a voltage signal. Basic dc SQUID consists of a superconducting loop and
two Josephson Junctions.
In the superconducting loop magnetic flux is quantized as Φ = nΦ0 , where Φ0
is the magnetic flux quantum which is defined in terms of the Planck constant and
electronic charge as h/2e =2.07 × 10−15 Wb. This means that any change in magnetic flux within the superconducting loop due to external magnetic field that is
smaller than Φ0 will be compensated by the loop by introducing opposing screening
supercurrents.
The second important component of the dcSQUID is the Josephson Junction,
which is basically two superconductors separated by very thin insulating barrier. This
barrier needs to be very thin, typically few nanometers, so that the Cooper pairs can
tunnel through[59]. The junction can pass current without any voltage drop up to
some critical current density which is set by temperature, junction area and some
intrinsic properties of the superconductor.
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dcSQUIDS employ two Josephson Junctions that are placed in parallel on superconducting loop. The junctions are typically shunted with few ohms of resistance to
eliminate hysteresis behavior in the I − V characteristics. When the device biased
with current no voltage drop will occur until sum of critical currents of two junctions
is reached and then voltage will approach to Ib · R asymptotically for high currents.
Equation for the I − V characteristics of the dcSQUID is given by:

V =




0
q


Ic R

f or|I| < Ic

I 2
Ic

(2.37)

− 1 f or|I| > Ic

and the I − V characteristics is plotted in Fig. 2.11.
In the presence of externally applied magnetic flux, periodic screening current will
be generated in the loop to oppose the magnetic flux change. Having this current
in the dcSQUID loop will decrease total bias current that can be applied to the
dcSQUID. This means that externally applied flux will periodically change critical
current of the dcSQUID. The critical current will be maximum when applied flux is an
integer multiple of flux quanta and it is minimum when the applied flux is an integer
plus one half of the flux quanta. Red and blue lines in Figure 2.11 (Left) represent
these two extrema. Measured voltage across the SQUID will change periodically
between these two lines at given bias current as shown in V − Φ curve in Figure 2.11
(Right).
To use dcSQUID as a magnetometer, it is usually readout by using lock-in type
measurement [26] In this configuration, feedback coil is used to supply a dc modulating
flux to keep the SQIUD at the steepest point of its V −Φ curve. Main drawback of this
type of measurement for particle detection is that the bandwidth of the measurement
would be limited to ∼10 kHz [56] which would not be enough to measure a signal with
rise time in the order of microseconds. Two increase the bandwidth two-stage SQUID
readout can be used, which is shown in Figure 2.12. The amplifier SQUID consist
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Figure 2.11: (Left) I − V characteristics of dcSQUID. (right) V − Φ curve of the
dcSQUID.
of array of dcSQUIDs and typically operated at 4 K stage. Another advantage of
using SQUID arrays for signal amplification is improvement in signal to noise ratio.
This is due to fact that when the SQUIDs are connected in this configuration the
signal increases linearly with number of the SQUIDs but the white noise increases
with square root of the number of SQUIDs [98].
In UNM cryostat we are using two-stage SQUID readout with SQUID amplifiers
from STAR Cryoelectronics. The SQUIDs are run by using multichannel PCI-1000
PC Interference and PFL-102 Programmable Feedback Loop (PFL) from STAR Cryo.

2.5

MMC Signal

To calculate the signal that is measured by the dcSQUID of the MMC due to particle
absorption we go back to Eq. 2.2. In Section 2.3 we have seen that both the magnetization and the heat capacity of the sensor material depend on applied magnetic field,
which in real life is not uniform through the sensor material, thus one needs to take
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Figure 2.12: Diagram of two-stage SQUID readout.
into account geometric factors. On UNM MMCs the paramagnetic sensor material is
sputter deposited on top of spiral shape meander pick up coil and then to concentrate
the magnetic field lines it is covered by superconducting Nb cap. To simulate this
configuration finite element analysis based software, COMSOL, is used [14]. As an
example, magnetic field distribution obtained in one of such simulations is shown in
Figure 2.13.
Following [18], the magnetic flux change in pick up coil due to magnetization
change in paramagnet can be expressed as:
Z
δΦ =

µ0
V

G(r)
δMpm (r)d3 r
p

(2.38)

where Mpm is given by Eq. 2.36 and G(r) is the geometry factor and for meander
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Figure 2.13: COMSOL simulation of paramagnetic sensor material. The figure is
adopted from [12].
coil it is given [18] as:
G(r) =

B(r)p
Iµ0

(2.39)

Here p is the pitch and I is the magnetization current.
Magnetic flux change measured by the SQUID will be different than the flux
generated on the pick up coil due to flux transformation. Circuit diagram of pickup
and input coils of MMC is shown in Figure 2.14. By applying Kirchhoff’s rule, we
can express the current that is induced in the circuit due to flux change in one of the
pick up coils as:
δI =

δΦ
2(Lp + Li ) + Lw

(2.40)

where Lp - inductance of one of the pick up coils, Lw - parasitic inductance of the
wiring traces between pickup coils and input coils, Li - inductance of one of the input
coils. Thus the flux change in the SQUID in terms of the flux change in pick up coils
would be:
δΦS = MiS δI =

MiS
δΦ
2(Lp + Li ) + Lw

(2.41)

√
where MiS = k Li LS is the mutual inductance between input coil and the SQUID
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with coupling factor k, which is usually desired to be to 1, but for the device that we
have taken data it is 0.85.

Figure 2.14: Circuit diagram of the transformer coupled MMC. The figure is adopted
from [14]
Additionally, we need to include position dependency of magnetic field while calculating the heat capacity of the paramagnetic sensor:
Z
CPM = Celec +

Cpm (B(r))d3 r.

(2.42)

V

where Cpm is given by Eq. 2.35

2.6

Energy Resolution

Since the energy resolution is one of the most important characteristics of low temperature detectors here we would like to introduce definition of fundamental energy
resolution and other factors that can affect it.
The energy resolution is defined as Full Width Hall Maximum (FWHM) of the
Gaussian fit to the peaks in energy spectrum which is defined in terms of standard
√
deviation σE as FWHM = 2 2 ln 2σE (see Appendix A). In the simplest case, any
system that is connected to a thermal bath will have thermal fluctuations. Standard
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deviation of energy for such system in canonical ensemble is defined as

σE2 = hE 2 i − hEi2

(2.43)

Comparing this equation with Eq. 2.9 we can see that:
p
∆E = 2.36 kB Ctot T 2

(2.44)

Detailed derivation of Eq. 2.44 can be found in Appendix C. Here we can see that
the energy resolution does not explicitly depend on energy of the absorbed particle,
but it depends on total heat capacity Ctot of the absorber and the sensor material. To
have enough stopping efficiency for high energy photons we need thicker absorbers.
This will increase the total heat capacity and the energy resolution will decrease.
Diagram of the thermal model of the simplest case is given in Figure 2.15 (Left).
A particle with energy E is absorbed by a single heat capacity Ctot which is connected
to the heat bath at temperature T0 . The heat equation of this case can be written as:

Ctot

∂T
= (T − T0 )Gtb + Eδ(t)
∂t

(2.45)

Here the Gtb is the thermal conductance between Ctot and the heat bath and the δ(t)
is the Dirac delta function showing that the absorption is instantaneous at t0 = 0. Solution of this equation gives the time evolution of a temperature of a microcalorimeter
followed by particle absorption:

T (t) = T0 +

The temperature instantly rises to ∆T =

E −t/τ
e
Ctot

E
Ctot
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(2.46)

and then exponentially decays to the

bath temperature with the time constant:

τ=

Ctot
Gtb

(2.47)

In more realistic model [40] the system should be considered as a sum of two
separate heat capacities: the electronic heat capacity of conduction electrons of the
absorber and the sensor - Celec and the heat capacity of the spins of the sensor - Cspin
as shown in Figure 2.15 (Right). At operating temperatures the heat capacity of the
phonons is small and it is neglected in this model for simplicity.

Figure 2.15: (Left) Thermal model of MMC that is represented by single model
(Right) Thermal model of MMC that is represented by two subsystems.
Heat equations of the two systems can be written as:
∂Tspin
= − (Tspin − Telec )Ges + Pes
∂t
∂Telec
Celec
= − (Telec − Tspin )Ges − (Te − T0 )Geb − Pes + Peb
∂t

Cspin

(2.48)
(2.49)

Here Ges and Geb are the thermal conductances between Cspin – Celec and Celec –
the thermal bath; Pes and Peb represent randomly fluctuating heat flux through the
thermal links. These equations can be rewritten in terms of their electrical analogies
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and solved in frequency domain by using methods that is described by [72]. The
power spectrum derived from these equations is given by [40]:

SE (f ) = kB Cspin T 2 α0


4τ1
4τ0
+ α1
1 + (2πf τ0 )
1 + (2πf τ1 )2

(2.50)

here α0 = β, α1 = 1 − β where β = Cspin /(Celec + Cspin ) for Celec ≈ Cspin , and the
time constants:

τ0,1 =


1
Celec Ges + Cspin (Ges + Geb )
2Ges Geb
q

2
± Celec Ges + Cspin Ges + Geb ) − 4Ges Geb Cspin Celec (2.51)

Temperature evolution of the sensor due to an instantaneous energy deposition in
time domain can be obtained by neglecting the random noise sources in Eq. 2.48 and
2.49 as
T (t) = T0 +

E
(−e−t/τ0 + e−t/τ1 )
Ctot

(2.52)

Here, the temperature increases to its peak value in time τ0 and decays to bath
temperature in τ1 . Corresponding responsivity of the device in frequency domain is
expressed as:
p̃(f ) ≈ p

βτ1
(1 + (2πf τ0 )2 )(1 + (2πf τ1 ))

(2.53)

We will use noise equivalent power (NEP), which is defined in terms of power spectrum
and responsivity (p̃) of the device as:

N EP (f ) =

h|SE (f )|2 i
p̃

(2.54)

By using this equation with Eq. 2.50 and 2.54 we can get:

N EP 2 (f ) = N EP0 (1 + (f /fef f )2 )
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(2.55)

where:

Geb 
N EP02 = 4kB T 2 Geb 1 +
Ges

(2.56)

and
fef f

1
=
2πCelec

r


Geb 
Ges Geb 1 +
Ges

(2.57)

To derive the energy resolution from this formalism we are going to assume that
optimal filtering [92] is going to be applied for pulse processing and use equation
from [72]
Z

∞

∆ERMS =
0

4df
N EP 2

−1/2
(2.58)

Using Eq. 2.55 and 2.56 in this equation and after taking the integral we get:

∆ERMS =

p


4kB Celec

T2

1/4
Geb  Geb 2
+
Ges
Ges

(2.59)

which can be rewritten in terms of time constants for FWHM as:

∆EFWHM


p
2
= 2.36 4kB Celec T

1
τ0
β(1 − β) τ1

1/4
(2.60)

Here we can estimate electronic heat capacity of the system by using equation Celec (T ) =
γT , where γAu = 6.89 × 10−4 J/molK2 and for the rise time we can use spin-electron
relaxation time which is given by Korringa relation τK (T ) = κ/T where κAu =
7 × 10−9 s K [87]. From this equation it looks like the energy resolution can be improved by increasing the decay time τ1 . However, one needs to be cautious because
increasing the decay time would degrade the count rate. Moreover the denominator
of the expression has maximum at β = 1/2 which corresponds to Cspin = Celec . Thus,
energy resolution can be optimized by matching electronic heat capacity with spin
heat capacity.
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2.7

Noise Sources

To estimate the energy resolution, so far, we have considered only the thermal fluctuations in the system. Although this is very useful for understanding the fundamental
limit of the energy resolution, it is only part of the problem. In reality, there are other
noise sources in the system and all of them will contribute to the energy resolution
to some extent. Thus, one needs to include the other noise sources, i.e., magnetic
Johnson noise, SQUID noise, Erbium ion noise.

2.7.1

Magnetic Johnson Noise

Johnson noise was discovered by J. B. Johnson in 1920s and it is present in all normal
metals[57, 75]. Spontaneous, thermal motion of electrons in conductors generate
fluctuating currents and consequently fluctuating magnetic fields. Since SQUIDs are
very sensitive magnetometers they can pick up these fluctuations as a noise.
There are many normal metal parts in the experimental setup close to the devices.
Magnetic Johnson noise generated in these parts should mostly be shielded by using
superconducting housing around the devices as will be shown in Section 5.3.
MMCs have many on-chip normal metal parts, i.e., paramagnetic sensor, absorber,
thermal bus, Au pads and thermalization layers. Magnetic Johnson noise from all of
these metallic parts may contribute to the total noise.
The expression of this noise is given by Harding [47] as:

SJ (ω) =

4kB T R(ω)
ω2

(2.61)

where the noise depends on the impedance of the metallic parts and the temperature.
This noise is usually frequency independent at low frequencies, mostly contributes to
the white noise of the device and vanishes at some high frequencies in the MHz range
depending on the skin depth of the conductors.
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2.7.2

Erbium 1/f Noise

There is 1/f type noise observed in all devices with erbium, which is not completely
understood but it is known to be proportional to erbium concentration. It does not
exhibit temperature dependency between 0.03-4.2 K and it is proportional to 1/f η
where η is close to 1. The phenomenological equation used to represent this noise
was given by [41]as:
SEr (f ) = µ0

nNA 0.1µ2B
G η
Vm
f

(2.62)

where n is the concentration of Er ions and Vm is the molar volume of the host metal
and the filling factor G was given by Eq. 2.39. Here the η typically takes values
between 0.8 and 1.

2.7.3

SQUID Noise

Lastly, we also need to include the intrinsic noise of the SQUID which can be separated
into two parts as:
1/f

SS (f ) = SSwhite + SS

1
fn

(2.63)

where the white noise is frequency independent part and it is dominated mostly
by Johnson noise of the shunt resistor. The second term, SQUID 1/f noise, is the
dominating term at low frequencies and it is related with the geometrical properties
of the SQUID[1]. The exponent n typically takes values between 0.8 and 1.4.
Typical noise spectra of a UNM MMC SQUID before adding the AgEr paramagnet
and the gold absorber is shown in Figure 2.16. Particular data is taken in liquid
√
helium dewar at 4.2 K. The white noise level is around 2.55 µΦ0 / Hz and 1/f noise is
√
7 µΦ0 / Hz at 1 Hz with n = 1. Assuming white noise of the SQUID is mostly due to
the Johnson noise, we expect this to go down at lower temperatures. Here the shoulder
frequency at ∼10 kHz comes from the single-stage SQUID readout electronics.
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Figure 2.16: Typical noise spectra of UNM MMC without the paramagnetic sensor
and the absorber taken at 4.2 K. Dashed lines are plotted to represent the white noise
level and 1/f noise.
Present UNM MMCs are optimized mostly by maximizing the signal to noise ratio
of the input SQUID. Models discussed for the energy resolution are being used to
understand behavior of our devices and we are planning to use them for optimization
of the next generation devices.
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Chapter 3
MMC Fabrication
MMCs used in this dissertation were fabricated in collaboration with STAR Cryoelectronics (STARCryo). The full fabrication process can be divided into two main
parts: wafer-scale processing and cm-scale chip processing. The wafer-scale process
is a modified version of STARCryo’s standard SQUID process. It is performed by
STARCryo and creates the SQUIDs and all the superconducting wiring, including
the magnetizing circuit. After the wafer-scale processing, the wafer was diced into
cm-scale MMC array chips and UNM and STARCryo worked together to perform the
cm-scale chip processing, which adds the AgEr paramagnetic sensor, gold thermalization layer, Nb superconducting cap and cantilevered gold absorbers. In this chapter,
the wafer level process is briefly described and the cm-scale chip level process is described in detail. The last process step, which is the fabrication of the cantilevered
Au absorbers by using dry film photoresists, is a novel process developed as a part of
this dissertation and has been reported in [50].

3.1

Wafer-Scale Fabrication

Description of all the layers of the UNM MMCs with target thicknesses is given in
Table 3.1. Steps 1-8 are the wafer-scale process and are performed on the full 4 inch,
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thermal-oxide Si wafer. The MMC process is a modified version of the commercial
STARCryo Delta 1000 process, with thinner oxide layers and thicker superconducting
wiring layers. A new layer for the passive persistent-current switches, NbTa62, has
also been added for MMC. Fabrication of each of these layers will be briefly described.
Table 3.1: Layers of UNM
is described in the text.
#
Layer
1 Nb/Al-AlOx /Nb
2
NbTa62
3
SiO2
4
AuPd
5
Nb
6
SiO2
7
Nb
8
Au
9
AgEr
10
Au
11
SiO2
12
Nb
13
Au

MMCs with target thicknesses. Fabrication of each layer
Description
Wiring & JJ Definition
Persistence Switch Shunts
Electrical Insulation
SQUID Shunt Resistor
Second Wiring
Electrical Insulation
Third Wiring
Pads
Paramagnet
Thermalization
Electrical Insulation
Superconducting Cap
Absorbers (Posts + Tops)

Target Thickness (nm)
420/9.4/60
250
100
175
580
100
500
400
1500
250
200
350
20k+30k

First, to define the Josephson junctions of the SQUID we need to create a sandwich
of a thin insulating layer between two superconducting layers. In our case it is Al-AlOx
in between two Nb layers [20]. The first Nb layer and then Al are sputter deposited
on wafer. Then Al is oxidized under pure O2 and followed by sputter deposition of the
second Nb. Then positive tone AZ 3312 photoresist is used with Reactive Ion Etch
(RIE) to pattern the top Nb layer. Here Al layer is used as an etch stop and then
removed by ion milling. After the resist is stripped in acetone (all wafer-scale resists
are removed with acetone) there is the first Nb layer everywhere, but the Al-AlOx
and second Nb layers only remain where the junction are defined.
The first Nb layer is then patterned to create the first layer of superconducting
wiring using negative tone AZ 5214E photoresist and RIE. Here RIE gives a nicelysloped edge profile which helps to avoid discontinuities when later wiring layers cross
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over the top of the wires in this layer. Thickness of this first wiring layer was measured
to be 400 nm.
Second, the NbTa62 alloy persistent-current switches (“shunts”) are deposited.
These switches are a new technology for trapping and controlling on-chip persistent
superconducting currents that was developed as part of this dissertation. These have
been described previously in [51] and will be discussed in detail in a later Chapter 4.
The NbTa62 alloy persistent-current switches are defined with negative tone AZ
5214E photoresist and lift-off. Although the target thickness was 250 nm for this
layer, for the current device it was measured 220 nm.
At this point the first layer of electrical insulation is deposited. A blanket layer
of SiO2 is deposited using Plasma-Enhanced Chemical Vapor Deposition (PECVD)
method. This layer electrically isolates the first wiring layer from following wiring
layers.
Thickness of this layer is desired to be minimum to maximize the magnetic coupling of the wiring layers to each other and to the paramagnet. However, one needs
to be careful not to make electrical shorts between the layers by making this layer
too thin. Thickness of this layer was measured to be 120 nm.
Forth, normal-metal electrical resistors are defined using AuPd alloy and negative
tone AZ 5214 photoresist with lift-off. This is normal metal layer with 1.3 Ω/sq target
sheet resistance to form the shunt resistors of the SQUIDs and to provide normalmetal volume for the SQUID cooling fins [97]. Thickness of this layer was measured
to be 170 nm.
Next, to make the electrical connections through the first oxide layer to the first
wiring layer and to the tops of the Josephson junction counter-electrodes, we use AZ
3312 photoresist to pattern “vias” in which the oxide layer is removed with dry etch
using CF3 gas.
The second Nb wiring layer is then deposited using negative tone AZ 5214 pho-
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toresist and lift-off. Thickness of this layer was measured to be 480 nm.
A second SiO2 insulating layer is then deposited using PECVD and patterned as
before.
The third Nb wiring layer is then deposited using negative tone AZ 5214 photoresist and lift-off. Thickness of this layer was measured to be 480 nm.
The majority of wiring in the MMCs, including the SQUIDs, flux transformers (if
present), and sensing and magnetizing coils, is formed in the first and second wiring
layers. The third wiring layer is used sparingly, mostly to solve routing problems
where the geometry gets complex.
Eight, 330 nm thick Au pad layer was deposited by using negative tone AZ 5214
photoresist and a lift-off. This layer is used in the STARCryo commercial SQUID
process to cap the wire-bonding pads on the chip with gold to create good adhesion
of the gold-wire bonds. Because this gold layer is the highest-conductivity normalmetal layer available in the wafer-scale process, it plays three additional important
roles in the MMC designs: First, it defines the “thermal bottleneck” between the
absorber/paramagnet and the anchor temperature cf. Gtb in Figure 2.15. Second,
it creates high-thermal-conductance cooling paths from the edges of the chips to the
individual absorbers. Third, it forms part of the seed layer for the electroformed gold
absorbers and thermal links added later in the cm-scale processing.
As a last step of the wafer level process 200 nm thick superconducting Nb layer was
blanket deposited to the back of the wafer. This layer serves as a superconducting
ground plane and a Meissner-effect shield against magnetic Johnson noise that is
generated by the thermally-conducting normal metal parts of the cryostat that are
used to cool the chip and its carrier PC board.
For our current MMC wafer, the target oxide layer thickness was 100 nm. Although
similar thicknesses worked well on test structures, we found random electrical shorts
on the wafer. We have recently found that a subtle problem with the PECVD SiO2
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tool may have been responsible for these shorts. That problem has been fixed and
we plan to test the thin oxide again.

3.2

Cm-scale Chip Fabrication

After the wafer-scale process steps are completed, the wafer is diced into 1.5 cm × 1.5 cm
MMC array chips and the cm-scale processing (layers 9-13 in Table 3.1) begins. This
work is performed by both STAR Cryo and UNM personnel, using clean rooms in
both locations. To avoid the introduction of magnetic impurities into the equipment
used for the STARCryo commercial SQUID process, a dedicated co-sputtering system
was developed by UNM that is housed at STARCryo [54].
First step of the cm-scale chip level process is deposition of the paramagnetic
sensor material. The paramagnet is deposited onto the oxide above either the first or
second Nb wiring layers, depending on the UNM MMC design in question.
To address the parasitic heat capacity problem in AuEr sensors due to quadrupole
splitting of Au nuclei in the presence of Er ions [33] our group has been exploring
the use of Ag as a host material. A 1000 ppm AgEr paramagnet sputtering target
was synthesized using a homemade vacuum induction furnace and deposited on to
the chip in the dedicated sputtering system.

3.2.1

AgEr Synthesis and Deposition

Although using silver as the host metal eliminates the nuclear electric quadrupole
and its associated parasitic heat capacity, silver is harder to work with than gold.
In particular, the well-known affinity of silver for oxygen creates a danger of internal
oxidation of the strongly-reducing Er ions to Er2 O3 . To try for the best possible
process control of AgEr synthesis, we developed our own vacuum induction furnace.
A photo of the UNM induction furnace is shown in Figure 3.1. It was built by
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Linh N. Le to obtain uniform, oxygen-less AgEr alloy [66]. The furnace consists of a
power supply, gas purifier, quartz tube, rotor and a pumping system. The components
are held together with an aluminum T-slot frame. It can be tilted while the sample
is molten and by using the rotor the sample can be mixed to obtain the uniform
alloy. The power supply 1 can be operated at 30-80 kHz frequency range up to 15 kW.
The gas purifier

2

is used to reduce the O2 , H2 O, CO, CO2 , N2 contamination in

UHP Ar below to low parts per billion in the quartz tube. The metals are melted in a
homemade crucible. Before using for the real sample the crucible is cleaned by rinsing
with acetone, IPA and DI water and baked at 1000 ◦C under vacuum to remove any
water residue and organics.
AgEr alloy synthesis involves two heating steps. First, only Ag pellets are melted
to be degassed and cleaned. To make 0.125 inch thick 1 inch diameter sputtering
target, 30 g of Ag pellets are put in the crucible. The crucible is then put in graphite
susceptor as shown in Figure 3.1 (Right, top) and moved to the furnace. Ag pallets are
heated above the melting point (962 ◦C) and then tilted and rotated while pumping
to remove any contamination. Then the system is cooled down to room temperature
under high vacuum and vented.
To make the 1000 ppm AgEr, ∼45 mg Er foil is added to the crucible and moved
back to the furnace. This time, after system is pumped down to 1 × 10−4 torr , the
pumping is stopped and purified Ar flow is established. Then the metals are heated
up to 1250 ◦C and mixed for 10 min while tilted. Then the crucible is brought back
to the vertical position and cooled down to room temperature under purified Ar flow.
After the sample is removed from the furnace, the AgEr is machined to 0.125 inch
thick, 1 inch diameter sputtering target. While machining only non-magnetic tools
are used to prevent magnetic contamination. The sputtering target is shown in Figure
3.1 (Right, bottom).
1
2

Model IH15, from Across International
GC 50, from SAES
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Figure 3.1: (Left) BoydLab Induction furnace. (Right, top) Silver pellets in the crucible with graphite holder, (Right, middle) molten alloy at 1200 ◦C, (Right, bottom)
machined AgEr sputtering target.
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Figure 3.2: (Left) 3D model of the cross-section of UNM sputtering system. (Right)
Photo of the sample on the sample holder puck.
A dedicated sputtering system was built by Dr. F. T. Jaeckel to deposit the
paramagnetic sensor material [54]. Cross-section of the sputtering chamber is shown
in Figure 3.2 (Left). The setup includes an ion mill, two sputtering guns, a rotating
sample holder, manual shutter, mass flow controller and a pumping system. Before
any process the chamber is pumped down below 20 × 10−3 torr by using a rotary pump
and then below 5 × 10−8 torr by using a cryopump. Then, the surface of the sample is
cleaned by ion milling. During a typical ion milling operation, the chamber pressure
is raised to 5.5 × 10−6 torr by 1 ccm Ar flow. Before any deposition the surface of
the sputtering targets are cleaned by sputtering while the shutter is closed. During a
typical sputtering process the chamber pressure is raised to 5 × 10−3 torr by 40 ccm
Ar flow. Two sputtering guns can be used one at a time or together to co-sputter
host metal and rare earth ion to obtain the paramagnet with dilute concentration of
spins. For uniform ion milling or sputter deposition the sample holder can be rotated
continuously by using a stepper motor. A photo of the array-chip on the sample
holder puck is shown in Figure 3.2 (Right).
AZ 5214 photoresist is used to pattern the AgEr paramagnet over the sensing
coils. To improve the adhesion of the PM, first 20 Å of Nb is sputter deposited and
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then 1.5 µm thick AgEr is sputtered.
After the lift-off the array-chip is again patterned with AZ 5214 to deposit the Au
thermalization layer. Since electroplated Au has better thermal conductivity than
the sputtered Au at low temperatures, it is used here to reduce the thermalization
time constant of the AgEr. 210 nm thick Au is electroplated atop the paramagnet.
The electroplating setup will be discussed later in this chapter.
Then 200 nm of PECVD SiO2 is deposited and patterned to electrically isolate
the paramagnet from following Nb “superconducting cap” layer.
The next step is deposition of the Nb cap. It was numerically shown by us that
adding superconducting layer over the paramagnetic sensor material in “pancake coil
+ superconducting cap” type design would improve magnetization of the sensor material and thus performance of the MMCs [13]. MMC with this type of geometry has
achieved 1.8 eV energy resolution for 6 keV X-rays [78]. Deposition of Nb cap in our
MMCs is done by using AZ 5214 photoresist, sputter deposition and lift off. It is
deposited over AgEr paramagnet with circular openings on it, which are going to be
used to allow the absorber posts to make direct contact to the thermalization layer
atop the AgEr. Thickness of this layer is measured to be 370 nm.
Last step of the fabrication of our MMCs is adding the gold absorber. Since the
fabrication techniques that are used for this step were developed as a part of this
dissertation I am going to describe them in detail.

3.3

Cantilevered Absorber Fabrication

Because of its good thermal conductivity, low heat capacity and high stopping power
gold is an excellent material for the absorber part of the MMCs. For fast thermalization of the absorber it needs to have high thermal conductivity at low temperatures,
which is determined by the residual resistance ratio (RRR) of the material. RRR
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is obtained by dividing the resistance of a sample at 300 K to the resistance at 4 K.
Since RRR of electroplated [63, 16] Au thin films are higher than evaporated [16] and
sputtered [41, 21] ones, electroplating is chosen to form the Au absorbers.
Depending on the energy of the absorbed particle few hundred micron thick Au
absorbers may be needed. This is not considered a thin film anymore but rather a
3D “MEMS” structure. Two photoresists that are commonly used for this kind of
structure are SU-8 [77] and AZ125nXT [89, 6]. Using these photoresists is challenging: SU-8 is extremely difficult to remove once it is developed [30] and AZ125nXT
needs delicate handling. Additionally, to prevent escape of athermal phonons that
is generated during initial stages of the energy down-conversion [41] it is desired to
have cantilevered or “table” like absorbers as was discussed in Section 2.2.
Our group has recently reported a complete fabrication process to electroform
cantilevered Au absorbers by using AZ125nXT photoresist to define the tops and a
sacrificial, sputtered Cu blanket layer to define the posts [67]. Although this process
was successfully applied on several test structures, on the real MMC chip we found
that film stress of the sputtered Cu damaged underlying structures. We found that
the Cu film stress problem could be eliminated if the film was evaporated rather than
sputtered. However, an easier fabrication process was highly desirable to reduce the
time and frequent rework required for the Cu/AZ125nXT process.
Here we describe a new thick absorber fabrication process using two layers of
dry film photoresist from DuPont to define both posts and tops. The new process
greatly reduces time and effort required for absorber fabrication, and is completely
compatible with the STARCryo Delta 1000 SQUID microfabrication process, enabling
future commercial deployment of our integrated SQUID/sensor detector designs. This
process has been described in [50].
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3.3.1

Two-layer Mold Fabrication

Two layers of MX5000-series dry-film photoresist from DuPont are used to define the
electroforming molds for cantilevered absorbers. 20 µm thick MX5020 is used to define
20 µm-tall posts and 50 µm thick MX5050 is used to define the tops. Processing both
photoresist layers is very similar with only difference of operation parameters such as
exposure and development times. Basic process includes lamination, exposure and
development. Prior to lamination of the film the cm-scale chip is cleaned by rinsing
with acetone and IPA and then descumming for 5 min under O2 plasma. To laminate
the film, the protective polyethylene layer is removed from one side. The film is rolled
on sample on hot plate at 90-100 ◦C, with gentle pressure applied by a homemade
hand roller. Then the photoresist is exposed with 365 nm UV light with intensity of
18 mW/cm2 for 2 s. Although 20 mW/cm2 or higher intensities are recommended for
high resolution, 18 mW/cm2 was the maximum intensity available for us in the CHTM
clean room at UNM. The photoresist is developed in 0.75 wt% K2 CO3 solution at
30 ◦C for 1 min (3 min for MX5050). The developer is made by mixing 7.6 g K2 CO3
powder in 1 L DI water. During development an aquarium pump is used to stream
the developer towards the sample. Then the sample is rinsed in DI water and dried
with N2 gun. After each of the lamination, exposure and development steps the chip
is baked on a 90-100 ◦C hot plate for 45 sec. These are applied to enhance adhesion,
resolution and resistance to chemicals, respectively.
After the posts of the absorbers are defined over the circular holes in Nb cap
layer, the SiO2 layer which is initially at the bottom of the post molds is removed by
using dry etch. This exposes the paramagnet’s gold thermalization layer, so the posts
can make direct, high-thermal-conductivity contact to the paramagnet. Then sample
is ashed for 5 min with O2 plasma and 250 nm Au seed layer is sputter deposited.
Then 50 µm thick MX5050 photoresist film is processed to define the tops. Crosssection diagrams and corresponding images under microscope of the important steps
47

Figure 3.3: Absorber fabrication steps: a) paramagnetic sensor area of the MMC,
b)MX5020 is laminated, c)SiO2 etched and Au seed layer deposited, MX5050 laminated, d) Absorbers electroplated, e) photoresists removed.
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are shown in Figure 3.3. At this point the molds for table like absorbers are ready
for electroplating.

3.3.2

Au Electroplating

A dedicated electroplating setup was developed as part of this dissertation to electroform the Au thermalization layer of the paramagnet and the cantilevered Au absorbers. 3D model of our Au electroplating setup is shown in Figure 3.4. It consist of
a 1 L glass beaker, PVC jigs, a small aquarium pump, platinized titanium anode and
a thermometer. The jigs are used for three main purposes: to hold the plating sample
and the meshed anode parallel to each other at a fixed distance, to hold aquarium
pump such that it streams the solution towards the sample and to fill the geometry
such that small amount of plating solution is used. Here the goal is to use small
amount of Au solution for each plating but use fresh solution for each sample.
Agitation of the solution during electroplating is very important. Previously we
have used a magnetic spin bar and generating bubbles in the solution to gently agitate
the solution. Both of these methods failed by producing a non-uniform surface finish.
From Therese Souza from Technic Inc. we have learned that the solution needs
to be agitated vigorously to solve this problem. Thus, we have introduced a small
aquarium pump into the setup which can deliver the solution to the sample surface
with 300 L/hour flow rate. Difference between plating with vigorous agitation and
failed agitation can be seen in Figure 3.5.
Thickness of the electroformed absorbers is controlled by controlling the applied
current density and plating time. Relation between deposition amount, applied current and deposition time is given by Faraday’s law:

m=

ItM
zF
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(3.1)

Figure 3.4: 3D model of the electroplating setup. PVC jigs are used to decrease
amount Au solution and also to keep the the water pump directed to the sample.
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Figure 3.5: Effect of poor agitation. (Left) plating with vigorous agitation; (Right)
pump broke during plating
Here I is the applied current, t is deposition time, M is the molar mass of Au
(196.97 g/mol), z is the oxidation state of the Au ions (+1) and F is the Faraday
constant (96 485 C/mol). After expressing the mass in terms of thickness h and using
the density of Au (ρAu = 19.3 g/cm3 ) we can calculate the deposition rate by:
h
(I/A)M
=
t
ρAu zF

(3.2)

Based on private communications with Chuck Harbor from Technic Inc. for improved
surface topology we apply 500 µs ON, 200 µs OFF rectangular pulses with 0.25 A/dm2
current density. By using the given values in Eq. 3.2 we calculate the deposition rate
158.7 nm/min. To change the deposition thickness only the deposition time is changed
and other plating parameters are kept same.
To keep the applied current density constant we have built a simple operational
amplifier (op-amp) circuit which can provide constant currents independent of the
concentrations of Au ions in the solution. Schematic diagram of the circuit is shown
in Figure 3.6. We are using OPA 552 op-amp from Texas Instruments with 1 kΩ
resistor to make the voltage controlled current source. Typical currents used for cm51

Figure 3.6: Circuit diagram of voltage controlled current circuit used in electroplating.
scale chips are in the µA range. Then pulses are applied with an Agilent 33220A
function generator.
Current in the circuit is monitored by using 1 kΩ sampling resistor in series with
the solution and using INA 105 differential amplifier across it to measure the voltage.
Output of the INA 105 is monitored by using Agilent 2004 oscilloscope. To obtain
desired current density (J = 0.25 A/dm2 ) we are using surface area of the plating
sample to calculate the current (I = J × A), and then Ohm’s law (V = I × 1 kΩ) to
obtain the amplitude of the pulses.
The sample needs to be prepared before electroplating. This includes making
electrical contact to the Au seed layer on the chip and masking open areas where we
don’t want to electroplate Au. First, the array-chip is glued down to 2 inch sapphire
wafer by using a crystal bond on hot plate at 100 ◦C. Here it is important to make
sure that the crystal bond exceeds the area of the chip, so that Stycast 1266 epoxy
that is used in later step does not flow under the chip. Then to make contact to
the Au seed layer 20 AWG copper wire is attached to the opening on the chip by
using Ag epoxy. The sample is baked at 65 ◦C for 30 min to cure the epoxy. Then
Staycast 1266 epoxy is used to mask undesired open areas, and also to glue down the
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Figure 3.7: Cm-scale chip is ready for electroplating. The Cu wire is attached to
the Au seed layer by using Ag epoxy. All metallic areas, where we don’t want to
electroform, that goes into the solution is masked by using Stycast 1266 epoxy.
Cu wire to the sapphire wafer to fix it. The sample is baked at 65 ◦C for 1 hour to
cure the epoxy. Then using hand multimeter electrical connection between the wire
and sharp corners is checked, if there is any open area, they are masked by using
Dow Corning 734 RTV sealant. We also put some heat shrink over the Cu wire for
masking. And again, sample is baked at 65 ◦C for 1 hour to cure and outgas the
RTV. Then the sample is ashed for 5 min at 300 mTorr/100W. This step have shown
improved adhesion. Just before inserting into to Au solution, the sample is dipped
into 10% Sulfuric acid for 1 min to activate the Au seed layer and rinsed in DI water.
Figure 3.7 shows the sample ready for electroplating.
Although the wire attachment and masking method described here was successfully applied to fabricate our present compete devices, we are currently developing
a new improved plating setup. In the new setup, making electrical contact with
Ag epoxy is replaced by spring loaded “Pogo pins” and epoxy and RTV masking is
removed completely by using screw mounted parts. This will simplify the process
significantly and reduce the processing time.
We are using Elevate Gold D7990 electroplating solution from Technic Inc. It
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Figure 3.8: (Left) SEM image of complete 14-pixel MMC. (Right) SEM image of
single 475 µm × 475 µm × 30 µm cantilevered absorber supported by 8 posts of 50 µm
dia.
is slightly acidic (6-7 pH) sulfite based solution with 8.2 g/L Au concentration. Before inserting the sample into the solution temperature of the solution is brought
to 50-60 ◦C. After plating the sample for the desired amount of time both dry film
photoresists are removed together, by sonicating the sample in DMSO for 30 min at
50-60 ◦C. Then to remove the wire and the crystal bond the sample is soaked into
acetone overnight. Then the array chip is inspected under microscope, if there is still
some resist it can be sonicated in DMSO.
SEM images of a completed MMC array is shown in Figure 3.8 (Left) and on
(Right) we see single 475 µm × 475 µm × 30 µm absorber on eight 50 µm diameter
posts. The thickness of the absorbers is uniform across each absorber and across
the whole cm-scale chip. They are robust, surviving multiple rapid immersions into
liquid nitrogen and long sonications in solvents. RRR of meander samples which was
electroplated in the same setup is measured to be ∼7. This is significantly smaller
than what we have previously reported with samples made by using Techni Gold 25ES
solution [67]. Other plating parameters, such as plating temperature and agitation
may have influence on this as well.
In addition to the 30 µm-thick absorbers on the MMC array chip shown in Fig-
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ure 3.8, we have successfully produced 100 µm thick absorbers on test structures by
layering two 50 µm thick dry film photoresists and exposing them together. Resolution of the molds was slightly degraded, this can be improved by increasing the
intensity of the exposure. Additionally, the top surface finish of electroformed 100 µm
absorbers are not as smooth as 30 µm absorbers. RRR measurements on a roughsurface 100 µm-thick meander show no change compared to a smooth-surface 5 µm
meander, indicating that the rough surface finish does not indicate degradation of
RRR, which agrees with the experience of the Heidelberg group [61].
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Chapter 4
Magnetization Circuit
For optimum performance with our present MMC designs for gamma-ray spectroscopy,
the static magnetizing field applied to the paramagnet needs to be approximately
10 mT. With our typical spiral magnetizing coil designs with superconducting cap
this level of magnetizing field requires on-chip currents of order 100 mA. Although
these magnetizing currents can successfully be continuously supplied from a current
source at room temperature, for optimal current stability and noise isolation the magnetizing current should be a trapped persistent current in an on-chip superconducting
loop.
As a part of this dissertation we have developed an improved cryostat wiring
harness and ground-isolated current source for high currents and a novel passive
persistent-current switch that allows us to trap on-chip currents approaching 200 mA.
The current source is a battery-powered low-noise op-amp circuit which provides controlled current up to 400 mA during the current-trapping process. The wiring harness
is novel and can deliver high currents (few hundred mA) from room temperature down
to 50 mK stage with minimal heat leak. A novel superconducting persistent current
switch is used to trap and control the on-chip persistent currents and to isolate the
devices from any noise that might be present on the magnetizing circuit wiring har-
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ness.
In this chapter I am going to describe development of these components in detail.
Development of passive persistence current switches by using NbTa bilayer has been
reported in [51].

4.1

Battery Powered Current Source

For the MMCs without any on-chip persistent current circuit the magnetizing current
can be applied continuously from room temperature current source. Choice of this
source is very important because the MMCs are very sensitive and can pick up noise
from the room temperature electronics. The simplest solution to reduce the noise is
using a battery with a potentiometer. Additionally we wanted to be able to control
the rate of the change of the applied current. To address these needs we have built
a low-noise differential current source using batteries and an op-amp circuit. For
the MMCs with on-chip persistent current circuit, once the magnetizing current is
trapped in the superconducting loop, the room temperature current source can be
disconnected to reduce noise injection. Some of our present MMCs have electrical
shorts on the chip, between the magnetizing circuit and the SQUID circuit, possibly
due to thin SiO2 insulating layer. For these devices the intrinsic ground-isolation
provided by the battery-powered current source was able to eliminate the impact of
single-point shorts.
Circuit diagram of the voltage controlled current source is shown in Figure 4.1.
It consist of five parts. The first part is the traditional battery plus potentiometer
(PM1). Here we are using two 12 V batteries in series to obtain 24 V differential
voltage to operate the op-amps. The potentiometer is set to output between -12 V to
+12 V to output the current it both directions. The second part is active low pass filter, denoted by the purple box in the figure, used to reduce noise from potentiometer.
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With present resistor and capacitor values it is set to reduce noise above 320 Hz. The
third part is the comparator, that compares the set value of the potentiometer with
the output voltage of the current source. The forth part is the integrator, denoted
by the red box, which is used to make changes in output voltage gradual. Negative
feedback is used to drive the voltage difference presented to the two comparator inputs to zero. Present resistor (1 MΩ) and capacitor (1 µF) values are chosen to obtain
a time constant around few seconds. Here a potentiometer (PM2) is used to adjust
the rate of the change, by adjusting the feed to the integrator. Unity gain inverter,
denoted by the blue box, is used to make the output voltages differential, reducing
noise for the case when the supply ground is connected to cryostat ground. In the
work reported in this dissertation the differential current drive was superfluous as we
left the supply floating w.r.t. the cryostat.

Figure 4.1: Circuit diagram of the homemade, battery driven current source, terminals
for the magnetization coils is labeled as MC±. The circuit is protected from radio
frequency electromagnetic fields by using aluminum box.
The output current of the circuit is monitored by measuring the voltage drop
across 10 Ω sampling resistor (Rs) by using INA105 unity gain differential amplifier
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and a hand multimeter. For the active low pass filter and the comparator low noise,
high precision OPA228 op-amps are used and for the integrator and the inverter high
current OPA551 op-amps are used. OPA551 can supply up to 200 mA dc current.
In the final version of the circuit an additional pair of OPA551s were paralleled
in “master-slave” configuration with the ones shown in Figure 4.1 to increase the
maximum output current to 400 mA. The circuit is built on 4.5 in × 2 in solderless
breadboard and housed in 6 in × 6 in × 6 in aluminum box to shield from external RF
fields as shown at the lower left corner of the Figure 4.1.

4.2

High Current Cryostat Wiring Harness

Second component of the magnetization circuit is wiring harness that goes from room
temperature to the device stage at 50 mK. For this harness it is important to leak
minimum heat to the cold device and to pickup minimum noise from the environment
while delivering 100 mA magnetizing current. To keep the heat load minimum one
needs to consider thermal conductance, length and cross section of the wires that
form the harness and also their electrical resistance to minimize the heat generated in
the wire. On the other hand, to minimize the electromagnetic noise pickup one needs
to consider open loop areas (magnetic pickup) and shielding (capacitive pickup) of
the wires.
Our original wiring approach was to use a robust “CryoCable”1 (CC) from room
temperature to 4 K stage and then switch to “Magic Wire”2 (MW) down to 50 mK
stage. Diagram of this harness is shown in Figure 4.2 a). CC is advertised as a
general use superconducting cable that has 4 wires, each wire consists of 128 µm
NbTi in 37.5 µm Cu-10%Ni jacket coated with 75 µm Teflon insulation. Then these
four wires are covered with 0.5 mm Teflon and overbraided with stainless steel that
1

from Lake Shore Cryotronics, Inc.
from Supercon, Inc. Referred to as “magic wire” in our lab because of its extremely low thermal
conductance.
2

59

Figure 4.2: Heatsinking of the excitation wiring at different temperature stages.
would provide very good shielding. MW is designed to conduct very little heat at
low temperatures. It consists of 2.8 mil monofilament NbTi clad in 0.2 mil of CuNi
matrix, which can handle more than 2 A at 4 K, covered with 0.4 mil of Formvar
insulation. The cross-section of the wire is very thin, once below 10 K NbTi will
become superconductor and weak thermal conductor and CuNi is known to have
high electrical resistance thus has low thermal conductance. These qualities make
MW ideal for wiring the magnetizing current leads with minimal heat leak to the
cold stages below 4 K.
In the original harness we used 120 inches of CC, each wire measures 30 Ω at
room temperature. For heatsinking the CC in our cryostat we wrapped roughly 15 in
of cable around 1 in diameter copper rods attached to the 65 K and 3 K stages, and
clamped two-piece split cylindrical copper shells around the cable with hose clamps
(see Figure 4.3 a)). After heatsinking at 4 K stage there is an additional 20 in of freelysuspended CC and then we switch to MW with a normal metal push-in connector.
To reduce noise from time-varying magnetic fields in sensitive experiments like ours
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one needs to avoid any loop area between any pair of wires. This can be achieved by
making twisted pairs of the differential lines or using close-packed ribbon cables. We
use a homemade ribbon cable of MW in which the strands are separated only by the
thickness of the insulations around them.
Starting from the 4 K stage we would like to heatsink the wire at 4 decreasing
temperatures: 4 K Stage, 1.3 K Stage, 300 mK stage and 50 mK stage. For these
heat-sinks 6-7 in of the MW ribbon cable was wet-wrapped with Stycast 1266 epoxy
around 0.4 in diameter gold plated copper bobbins for 5 turns and kept under tension
while the epoxy cured. 3D model of the bobbin type heatsink is shown in Figure
4.3 b). Including the length of the cables between the stages a total of 57 in of the
ribbon cable is used for the harness. Each wire in the ribbon measures 160 Ω at room
temperature and becomes superconducting below 10 K.
In the original wiring arrangement we used a total of 6 strands of MW in this
ribbon cable to complete the magnetizing circuit–3 paralleled strands of MW on each
side. With this arrangement we could get a maximum less than 50 mA to the 50 mK
stage before the MW transitioned from superconducting to normal state and became
a heater. As part of this dissertation we have investigated and removed the cause of
this limitation.
To understand the source of the problem we have monitored the roundtrip resistance of the wiring harness as we increase the applied current. The resistance vs
current during this test is shown in Figure 4.4. Initially the roundtrip resistance is
∼33 Ω, meaning that half of the CC and all of the MW is superconducting. Since Tc
of the CC is at 9.8 K we expect there will be normal to superconducting transtion between 65 K and 4 K stages. As we increase the applied current the resistance increase
linearly up to ∼55 Ω and then flatten for some time while the applied current is still
being increased and then dramatically go up. We think that the initial increase in
the resistance is due to downward (towards the 4K stage) movement of the interface
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a)

c)

b)

Figure 4.3: 3D model of a) 4 CryoCables are wrapped around copper rod and clamped
with two copper shells and hose clamps. b) bobbin type heatsink - ribbon cable
wrapped around copper bobbin and held together with epoxy. c) plate type heatsink
- wires soldered to copper plate and the plate heat sunk to the cold stage. Electrical
isolation of the clamped plates is achieved by using a cigarette paper or Kapton film
and nylon spacer and bushing.
between the normal and superconducting phases in the CC due to I 2 R heating in the
normal part. When all of the CC is normal it reads the 55 Ω, since the round trip
resistance of only the CC is 60 Ω at room temperature, the MW is still superconducting. Once the heat generation in the CC can not be absorbed by the heat sinks at
4 K stage the MW also becomes normal and we observe the dramatic jump in the
total resistance.
For the second generation of the wiring harness (see Figure4.2 b)) we removed
the connector in between the two kinds of wires (the connector is normal metal,
so a source of Joule heating) and improved the heat sinking at 4 K stage by using
a plate type heat sink. 3D model of the plate type heat sink is shown in Figure
62
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Figure 4.4: Total resistance of the wiring harness as current is increased linearly with
the time.
4.3 c). In this type of heat sink the two kinds of wire are soldered to the ends of
0.125 in thick annealed copper plate and that plate is clamped to the 4 K stage with
electrical isolation provided by using a thin cigarette paper or 0.25 mil thick Kepton
film greased with Apiezon-N grease to increase the contact area. The annealed copper
has very high thermal conductance and also provides wide contact area to the cold
stage. The plate geometry has very high electrical conductance, so Joule heating
within the plate is extremely small. The clamping screws are isolated from copper
parts by using nylon spacers and bushing. With this harness the maximum current
increased to ∼80 mA, which is and improvement, but still far below the advertised
2A current capacity of the MW.
For the final version of the wiring harness (see Figure4.2 c)) we replaced the CC
from room temperature to 4 K stage with 32 AWG “Phosphor Bronze”3 (PB). At
3

from Lake Shore Cryotronics, Inc.
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room temperature and at 77 K the resistance per length of the PB wire is roughly
half of that for the CC, and its thermal conductance at 77 K is ∼10 times better. This
should reduce the heating at higher temperature and also improve the heat sinking.
Additionally we introduced 50 A superconducting magnet wire with the bobbin type
heatsinking before the plate type heatsinking. The 50 A wire has thick Cu matrix
that provides very good heatsinking. With this wiring harness we were able to run
up to 2 A current to the 50 mK stage when the end of the harness is soldered together
and up to 320 mA when a sample chip with 10 µm wide Nb traces is connected to the
harness.
To sum up, to be able to deliver few hundred mA magnetizing current to the
device at 50 mK stage without significant heat load it was important to: 1) avoid
connectors in the harness 2) firmly establish a transition to dissipationless superconducting current by using a heat sink wound with high-current superconducting wire
with adequate copper matrix to be able to cool itself 3) to never allow super/normal
interface to enter the magic wire–it appears that bobbin heat sinks cannot stop the
motion of that interface for currents above a few mA.
As far as we know, this new wiring harness has much larger current-delivery
capability to 50mK than any other in the field. Other laboratories have expressed
interest in this new approach, so we plan to describe it in a future publication.

4.3

Passive Persistent-Current Switch

Last part of the magnetizing circuit is the on-chip passive persistent current circuit.
This novel approach was developed as a part of this dissertation and reported in [51].
Thin film persistent current switches using on-chip resistance heaters to drive a
short length of the superconducting traces above the superconducting critical temperature Tc have been used since 1994 [68, 3]. A typical persistent-current circuit
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consists of a magnetizing coil with inductance LCoil in parallel with a persistent shunt
with inductance LShunt << LCoil (Figure 4.5 a)). When the circuit is fully superconducting, any current applied to the terminals is distributed in inverse proportion to
LCoil and LShunt , so the majority simply passes through the shunt. To trap current
in the magnetizing coil, a current is applied to the heater terminals to heat the shunt
above its Tc and force the current through the magnetizing coil. When the heater current is turned off, the circuit becomes fully superconducting again, but now with zero
current in the shunt. Finally, the applied current I is withdrawn, and conservation of
flux in the superconducting loop establishes a persistent loop current of magnitude
I ∗ LCoil /(LCoil + LShunt ).
This approach to persistent current trapping in MMCs has been demonstrated by
both the Heidelberg and UNM MMC groups [102, 90, 22, 15]. However, the resistanceheater switch increases wire count. Further, if it is desired to have multiple persistent
current switches for a multi-pixel MMC detector, or to eliminate inadvertent current
trapping into SQUID input circuits, the requirement for additional on-chip heater
wiring can considerably complicate the design and introduce potential noise sources.
An alternative approach to persistent current switches that eliminates heaters
and their associated wiring was introduced by the NASA/GSFC MMC group [82].
More recently this new approach has been pursued by the Korean MMC group [64],
motivated by the large number of separate MMC detectors required for the AMoRE
experiment [10], and the large wire count that resistive heater persistent current
switches would create. As shown in Figure 4.5 b), the resistive heater can be eliminated by using a different superconducting material for the persistent shunt with Tc
lower than the Tc of the wiring and the coil (typically Nb, Tc = 9.3 K) but higher
than the MMC operating temperature (typically < 100 mK). A modified version of
the current trapping procedure is now used: 1) the temperature of the device is held
between the Tc of the shunt and the Tc of the wiring and the coil. 2) Current is ap-
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plied to the terminals. 3) The device is cooled below Tc of the shunt. 4) The applied
current is withdrawn. With this approach any number of persistent shunts can be
incorporated into an MMC pixel array with almost no impact on layout complexity,
and no concern about additional noise from heater wiring.

Figure 4.5: a) Schematic of heater-controlled persistent current switch. The rectangle
represents the resistance heater. b) Diagram of critical temperature controlled passive
persistent shunt.
For a microfabrication process using niobium wiring layers, the Tc persistent shunt
can readily be implemented by using an aluminum wire bond to complete an on-chip
superconducting loop. This has been demonstrated by the NASA/GSFC group with
25 mA [82] and by the Korean MMC group for currents up to 80 mA [64]. The aluminum wire-bond, with Tc near 1.2 K, is a feasible approach for dilution-refrigeratormounted experiments that will be maintained continuously at the MMC operating
temperature. However, it is desirable to have a microfabricated shunt to reduce the
parasitic inductance and possible noise pickup of the wire bonds due to increased
loop area compared to a fully microfabricated MMC. Further, in cryostats cooled by
a single-shot ADR it is desirable to have the shunt Tc above the regeneration tem-
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perature of the ADR in order not to lose the trapped current every time the ADR is
regenerated.
For these reasons the Korean MMC group tested current trapping with a microfabricated shunt made of MoGe alloy and recently achieved trapping of 7 mA [64].
The low critical current was attributed to poor step-edge coverage of the MoGe over
their Nb wiring. In this report we describe our investigation of passive persistent
shunts using tantalum. Bulk Ta has Tc = 4.47 K, close to typical ADR regeneration
temperatures, is long-term stable, and is known from previous work to be entirely
compatible with the STARCryo SQUID microfabrication process, which is the foundation of our MMC process. Superconducting properties of thin-film Ta have been
investigated in the context of superconducting tunnel-junction (STJ) photon detectors [37, 36, 35, 23, 44]. Good superconducting performance of sputtered Ta films
depends critically on the presence of an Nb underlayer. Without that Nb underlayer,
sputter-deposited Ta does not form the bulk crystal phase and has very low Tc . The
Tc of deposited Ta films with Nb underlayer is a strong function of the thickness of
the underlayer, and can exceed the Tc of bulk Ta for thick underlayers. Thus these
films are more properly described as bilayers rather than as homogeneous Ta, with
the expectation that Tc and current distributions may vary through the thickness of
the bilayer.
To investigate the performance of Ta/Nb bilayers as persistent shunts, a two-mask
wafer of test devices was fabricated. Starting with a Si wafer coated with 400 nm of
thermal SiO2 , the first mask defined a 500 nm sputtered Nb wiring layer patterned
with RIE. The persistent shunt bilayer was then created by sputtering 10 nm Nb
followed by 157 nm Ta through the second mask without breaking vacuum. The
persistent shunt structures were patterned with liftoff. The 10 nm Nb underlayer
thickness was chosen to target Tc near 5 K, based on the published STJ research and
unpublished measurements previously performed at STARCryo as part of developing
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their commercial STJ x-ray spectrometer [23, 44].
Test devices from the fabricated wafer were of two types: 1) meanders of both
Ta/Nb and Nb, and 2) Nb loops shunted by Ta/Nb bilayers. The meander devices
were used to measure the temperature dependence of the superconducting critical
current Ic (T ). persistent-shunted loop devices were used to test current trapping and
flux creep. The persistent-shunted loop device and its measurement setup are seen
in Figure 4.6. The on-chip Nb loop was circular, with trace width 10 µm and a 1 mm
loop diameter.
The persistent shunt spanned the 10 µm gap between the two Nb bonding pads
and had width 100 µm. The chip was attached to a carrier PCB board. Three Al wire
bonds provided electrical connection between each current injection bonding pad on
the chip to the corresponding gold plated copper trace on the carrier. Those traces
on the carrier were subsequently tinned with superconducting eutectic PbSn solder to
reduce resistive length. The chip was heat-sunk via 5 Al wire bonds from heat-sinking
pads to corresponding pads on the carrier. Heat sinking from the carrier to the ADR
was via a thick copper wire. Al wire bonds provided adequate heat sinking for the
chip, as the minimum measurement temperature of ∼1 K is only slightly below Tc for
Al.
A compact measurement setup was then realized by attaching the PC board carrier
directly to the circuit board of an older Conductus SQUID4 as shown in Figure 4.6
d). The SQUID was shielded from the magnetic fields of the test device and its wiring
by wrapping the device in NbTi foil before attachment. The wire pickup loop was
attached to the SQUID input screw terminals via a length of twisted pair enclosed
in a superconducting tube. This compact measurement setup could then be entirely
contained within the Nb shield of the Conductus SQUID. In the course of performing
the measurements we discovered that this particular model of Conductus SQUID was
4

Conductus iMAG SQ1020 S/N 174, manufactured in 1995
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a)

c)

b)

d)

Figure 4.6: persistent-shunted loop device and its measurement setup. a) Device
layout. The inset shows detail of a meander device for Ic (T ) testing b) optical micrograph of persistent shunt joining the bond pads. c) close up view of pick-up coil on
device d) persistent-shunted loop device attached to Conductus SQUID. The 1 mm
dia wire pickup coil is centered above the on-chip magnetizing coil.
manufactured with Mo shunt resistors, setting a lower limit of about 0.8 K to its
operating temperature range.
Each measurement of Ic (T ) was performed by first stabilizing a meander device at
constant temperature with zero applied current, then increasing the applied current
until a voltage drop appeared in the 4-wire measurement. Note that in these measurements we were not trying to determine the maximum current-carrying capacity
of the trace under ideal conditions. Rather, we are trying to determine engineering
limits in a practical configuration similar to an MMC device.
Figure 4.7 shows measured Ic (T ) for Nb and Ta/Nb meanders. This data confirms
that Tc for the bilayers is indeed close to the targeted 5 K. We are interested in two
69

current-capacity limits from this plot: the current capacity of Nb traces at the current
injection temperature just above the Tc of the Ta/Nb bilayer, and the current capacity
of the Ta/Nb bilayer at the ADR regeneration temperature. We see that a 10 µmwide Nb trace can carry about 200 mA near the shunt Tc . For an ADR regeneration
temperature of 2 K (the UNM ADR, which regenerates against a 1.3 K pot) a 30
(60) µm-wide shunt is required to support a magnetizing current of 100 (200) mA.
For a more-typical ADR regeneration temperature of 4 K, a ∼135 µm-wide shunt is
required to support a magnetizing current of 100 mA. These limits create little or
no constraint on our optimized sensing coil designs, which typically use magnetizing
traces of width 10 µm or larger and can easily accommodate these shunt lengths.
The steep rise in Ic (T ) for the 10 µm-wide Nb trace at the lowest temperatures
appears to be due to the disappearance of Joule heating in the aluminum wire bonds
below their superconducting transition. This idea is supported by the appearance
of a small voltage increase near the Tc of Al before the meander itself went normal,
corresponding to about 5 mΩ resistance through the tripled Al wire bonds. The
absence of the steep rise in Ic (T ) at lower currents presumably reflects the more
favorable balance between the heat-sinking of the chip and the I2 dependence of Joule
heating in the wire bonds. Note that the electrical resistance of the Al wire bonds
has no impact on the on-chip trapped persistent current—it only impacts injection
and withdrawal of that current.
Current-trapping was measured via SQUID magnetometry. The large diameter of the on-chip Nb loop was chosen to allow good flux coupling to an off-chip 1
mm-diameter pickup loop hand-wound from 100 µm diameter superconducting wire
(Figure 4.6 c)). This allowed the current in the on-chip loop to be easily monitored
by a simple SQUID magnetometer setup. As shown in Figure 4.6 b) the Nb/Ta shunt
used in these tests was 100 µm wide.
Typical current trapping data is shown in Figure 4.8. The sequence of opera-
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Figure 4.7: Measured superconducting critical current Ic (T ) of Nb and Ta/Nb meanders with widths as indicated.
tions for trapping and releasing the current is described in the figure’s caption. As
shown in the inset, the SQUID signal change during current injection (1-2) and current decay (5-6) are equal and proportional to the amount of current up to 150 mA,
demonstrating successful current trapping. At 200 mA, the constant of proportionality was reduced, and the SQUID signal change for decay (5-6) fell well below the
change for injection (1-2). We speculate that this behavior is due to un-tracked flux
jumps occurring at higher field stress. The form of the curves is as expected, with two
exceptions. The features in the SQUID signal seen in segment (2-3) were seen even
when the test chip was removed from the SQUID, so we assign them to superconducting transitions associated with the materials of the Conductus SQUID, rather than
anything germane to this measurement. Other than these features, the SQUID signal
due to temperature changes with the test chip removed was found to be negligible. It
may seem surprising that the linear ramp in segment (3-4), when the external current
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was withdrawn, has the same “polarity” as the linear ramp (1-2) when the external
current was applied. This indicates that the principal impact of the current withdrawal at 1 K on the SQUID signal is via the redistribution of the current from the
leads to the shunt, as the current in the shunt is expected to strengthen the SQUID
signal. For our measurement setup, this effect outweighs the previously described
decrease in trapped current that must occur upon withdrawal of the applied current.
However, investigating the detailed balance between these effects is beyond the scope
of the present measurement.
To ensure that an MMC fitted with these passive persistent shunts will have stable calibration, flux creep through the persistent shunt was tested via a modification
to the data-taking procedure shown in Figure 4.8. Namely, after withdrawal of the
externally-applied current at point (4), the test device was maintained at a controlled
temperature for an extended period of time, with the SQUID signal providing a continuous monitoring of the trapped current. A number of these tests were performed.
In the most stringent case, 150 mA was trapped at 1 K for 20 hours. This test showed
no measureable change in the flux coupled to the SQUID. Further testing was performed to check for sensitivity of the trapped current to ADR operation. 100 mA was
trapped for 9 hours during which 3 ADR regeneration cycles were performed. In this
case the ∼50 mK temperatures reached by the ADR fell below the 0.8 K minimum operating temperature of the Conductus SQUID (this model has Mo shunt resistors), so
continuous SQUID monitoring was not possible. However, when the temperature was
finally raised at the end of the test the current decay signal (5-6 in Figure 4.8) agreed
with the expected current release, confirming that the trapped current can withstand
the mechanical and electrical disturbances associated with closing and opening our
solenoid-driven heat switch.
We have demonstrated current trapping of up to 150 mA in a superconducting Nb
loop using Ta/Nb persistent shunts. The required shunt and wiring dimensions can

72

a)
5.5

250
4

5

200

4.5

3

4

150

3.5
100
3
2.5

50

SQUID Signal [φ 0 ]

Temperature [K]

5

2

2
6

1.5 1
1
00:00

0

-50
00:30

01:00

01:30

02:00

Time

b)
4

5

200

2

150
SQUID Signal [ φ0 ]

SQUID Signal [φ 0 ]

3

100

50

400
1-2
5-6

300
200
100
0
0

0.1

0.2

Current [A]

6

1

0
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Temperature [K]

Figure 4.8: Measured temperature (no markers) and SQUID output signal (markers)
for 100 mA trapping and release. These two plots show the same data plotted in two
useful ways. The trap-release sequence is: (1-2) Apply external current at 5 K. (2-3)
Cool to 1 K. (3-4) Withdraw external current. The current is now trapped. (4-5)
Begin warming. At point (5) the temperature has exceeded Tc (I) and the trapped
current begins to decay. (5-6) Current decays to zero. Inset shows SQUID signal
change during 1-2 and 5-6 for different amounts of trapped current.
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easily be accommodated within our MMC photon detector designs. Flux creep of the
trapped current was unmeasurably small. The trapped current was robust against
ADR regenerations at 2 K and the associated thermal, mechanical and electrical disturbances. It appears likely that this approach could also be used for standard ADRs
with ∼4 K regeneration temperatures, given suitable adjustments to the passive persistent shunt designs.
Although Ta/Nb bilayer performs as a passive persistent shunt as needed it has
some drawbacks that can be improved by switching to NbTa alloy. Tc [37] and Ic (T )
of the Ta/Nb bilayer strongly depends on the thickness of the Nb and Ta layers.
This may lead to variation in performance of the persistent switches on the MMC
wafer where thickness of the sputtered layers can very depending on the distance from
center of the wafer. Particularly we have observed that the Tc s of the 10 and 20 µm
wide meanders that was 25 mm apart on the wafer were different about 0.1 K (Figure
4.9).
On the other hand, when Nb and Ta are mixed together to make an alloy, they
make solid solution with cubic structure over full range of temperatures between Tc s
of the two elements (9.15-4.46 K) [49]. Since it is uniform material the Tc is expected
to be independent of the thickness variation and more reproducible across the full
wafer and from wafer to wafer. Additionally, switching from Ta/Nb bilayer to NbTa
alloy ease fabrication process by reducing number of sputtering targets from 2 to 1.
Following Hulm et al.[49] NbTa62 alloy is chosen to get Tc at 5.5 Kand the single
sputtering target is produced by ACI Alloys, Inc. A second test wafer with similar
magnetizing coil and meander designs but with NbTa62 shunts is fabricated and
similar current trapping experiments are performed. Tc of 10, 20 and 40 µm wide
meanders are measured to be 5.3 K which is very close to the target value and very
consistent with each other (Figure 4.9) indicating that that the physics is already
simplified.
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Figure 4.9: Measured resistance as a function of temperature around superconducting
transition of Ta/Nb bilayer and NbTa62 alloy meanders with widths as indicated.
NbTa62 alloy passive persistent current shunts have been successfully applied to
our current MMCs. With this circuit we have demonstrated trapping up to 150 mA
persistent currents in our devices.
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Chapter 5
Experimental Setup
MMCs require low temperatures for two main reason: the SQUID, sensitive magnetometer of the MMCs, needs the cryogenic temperatures to become superconductor
and the MMC performance is improved as temperature is decreased, typically below
100 mK. Obtaining such temperatures requires various cooling technologies and keeping the devices cold for extended amount of time during testing require good thermal
isolation. In this chapter I am going to describe UNM cryostat, development of a
new “stacked sapphire suspension” and upgraded device characterization stage.
The suspension is novel and was designed by Dr STP Boyd and built as a part
of this dissertation for a rigid, thermal isolation at low temperatures. It is based on
thermal isolation using hard powder in between sapphire disks, which was successfully
applied for thermal isolation in SCUBA-II[11]. With it, with the warm side at 1.3 K,
we can hold the devices at 50 mK for more than 48 h which is as good as traditional
Kevlar string suspensions but with improved rigidity. This work was presented at
15th International Workshop on Low Temperature Detectors (LTD 15).
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5.1

UNM Cryostat

MMCs typically operate at sub 100 mK temperatures and their energy resolution improve as the temperature is decreased as expected from fundamental thermodynamic
properties of the absorber and the paramagnetic sensor material. Additionally these
devices are very sensitive and they can pick up microphonic and electromagnetic noise
from the environment. Thus, for the best performance of the devices we need a cryostat with lowest bottom temperature possible and with adequate noise isolation from
the environment.
The UNM cryostat used to characterize the MMC devices at low temperatures
is mostly custom built with few commercial parts. 3D model of the cryostat with
detail photos of the inner stages is shown in Figure 5.1. To isolate the cryostat from
mechanical vibrations from the lab ground it is hold on three “air-leg” suspensions as
shown in the figure. These are pneumatic dampers with compressed air from HVAC
of the building and there are some lead bricks (red in the figure) to increase the
inertia.
The cryostat has three cylindrical aluminum shells that are not shown in the
figure. The outermost shell is the boundary with the room, used to maintain vacuum.
The inner two shells are attached to 65 K and 4 K stages. To achieve the cryogenic
temperatures heat conduction from room temperature to the low temperature stages
needs to be minimized. For this the system needs to be under high vacuum to reduce
the heat transfer through gases. Additionally, the radiative heat transfer between the
shells is minimized by wrapping the inner two shells with aluminum-coated Mylar
which has very low emissivity.
We are using three different cooling technologies to achieve sub 50 mK temperatures. First, two-stage pulse tube refrigerator (PTR) is used to reach 65 K and
3.5 K. PTRs are reliable and low-vibration cooling technology that are utilized in
wide range of applications including research laboratories, industry and space appli77

Figure 5.1: 3D model of UNM cryostat. It is hold on three pneumatic passive dampers
to isolate vibration from the ground. We are using two-stage PTR, 1 K -pot and twostage ADR to reach sub 50 mK temperatures. The novel Boyd Suspension in the
middle holds 1.3 K, 300 mK and 50 mK stages in compact design. MMC are attached
to the 50 mK stage.
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cations. They are relatively easy to maintain, don’t require input of any cryogen and
most importantly they don’t have any moving parts at the cold stages, which means
less mechanical vibrations on the measurement stage. Extensive review of PTRs can
be found in [28]. At UNM we are using two-stage PTR PT4051 with CP950 compressor. It has 0.5 W cooling power at 4 K and 25 W cooling power at 65 K. With this
setup the cryostat reaches 4.2 K in ∼36 h with the full 1-K pot, two-stage ADR and
the experimental setup attached to the cold stage.
Then “1-K pot” is used to cool down from 3.5 K to ∼1.3 K. For simplicity, our
1-K pot is a single-shot design which can be thermally connected and disconnected to
3.5 K stage via a solenoid drive heat switch. First the heat switch is closed to condense
helium from room temperature gas bottle and then opened to thermally isolate the
pot. The cooling is achieved by slowly pumping on liquid helium to employ latent
heat of evaporation. With one day of filling UNM 1-K pot typically last for five days
at 1.3 K.
Lastly, two-stage adiabatic demagnetization refrigerator (ADR) is used to get
300 mK and 50 mK temperatures. ADRs use magnetic entropy of electronic magnetic
moments in paramagnetic salts for refrigeration [79]. In our cryostat we are using twostage ADR with homemade 4 T magnet with GGG salt pill for the buffer temperature
stage and commercial 4 T magnet2 with FAA salt pill for the lowest temperature stage.
At present, the two magnets are connected in series and operated simultaneously.
Launching from 1.3 K stage the GGG and FAA stages bottom at below 300 mK and
50 mK respectively.
For comprehensive information about cryogenic instrumentation and methods we
refer to [32, 79], here we will discuss the novel components of our experimental setup
that was developed as a part of this dissertation.

1
2

from Cryomech, Inc.
From American Magnetics, Inc.
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5.2

Stacked Sapphire Suspension

Previously we have developed a scanning optical pulser to measure device-to-device
reproducibility, position-dependent response, and other important characteristics of
MMCs [55]. Sensitivity of the devices is strongly dependent on the temperature. For
adequate performance we need to cool our devices down to <100 mK by using ADR.
Thermal isolation of the ADR stage in such experiments is typically achieved by
using a material with high length to area ratio, high elastic modulus and low thermal
conductivity. Kevlar fiber is known as the best candidate and used in many recent
ADRs [45, 31]. However, it has some properties that make one consider complex
designs: it expands as temperature decreases and creeps logarithmically in time.
To keep it tensioned one needs to pre-tension the Kevlar or add some elasticity to
the suspension. Kevlar suspension is handy in space application where the ADR
stage needs to survive the vibrations during the rocket launch [45] . In our case,
we need to support the ADR rigidly for the reproducibility of the position of the
devices. The force between the ADR magnet and the paramagnetic pill during ADR
magnetization cycles can cause shifts in the device stage and also may result in the pill
touching the magnet former. In our system we can measure these shifts by scanning
our devices with our optical pulser attached to an 3D translation stage3 . With our
Kevlar suspension, we observed that our detector position typically changes ∼25 µm
when our mechanical heat switch (HS) is actuated and ADR is demagnetized (Figure
5.2).
An alternative suspension with improved rigidity can be developed by using stacks
of hard plates with hard powder in between. Two dominant mechanisms for thermal
resistance in such systems are considered to be low actual contact area due to small
deformation of the hard materials under pressure and acoustic mismatch between
two different kinds of materials [91]. Mikesell and Scott [73] investigated different
3

Precise 3-axis scanner sold by Attocube Systems AG
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Figure 5.2: Scan of the device that was isolated by using Kevlar suspension. On the
left image scanner moves from left to right with time.Heat Switch (HS) is opened at x
= 4.31 mm and then ADR had been magnetized between 4.31-4.34mm. On the right
we have clean image for comparison.
insulating supports for high-load containers in Dewar vessels to isolate low temperature liquids. They observed that using very small amount of manganese dioxide dust
in between a stack of stainless-steel plates improved thermal resistance significantly
compared to clean stack of plates and the thermal resistance of a stack is proportional to the number of plates. Following them, Berman [9] showed that using micron
size alumina powder in between steel plates decreased thermal conductance by an
order of magnitude compared to the clean plates. Later Yoo and Anderson [100] observed that using alumina powder in between two sapphire plates increased thermal
impedance by a factor of 100. More recently Bintley et al. [11] measured thermal
conductance of joints with two sapphire disks with alumina or diamond powder in
between. They achieved lowest conductance with diamond powder, with power law
0.26 µW/K(T/K)2.9 . Since diamond is harder than sapphire, they were concerned
the powder might fracture disks over many cycles and decided to use alumina powder. They measured thermal conductances to be between 5.6 µW/K(T/K)2.4 and
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0.13 µW/K(T/K)2.9 for the powder joints. Moreover, they observed that thermal
resistance in such system is dominated by low contact area rather than acoustic mismatch.
We have recently fabricated a new rigid suspension for our ADR based on the
stacked-sapphire disk approach that was successfully used in SCUBA-II [11]. In the
following sections we describe the design and performance of this new suspension
as well as thermal conductance measurements that were performed to optimize the
suspension.

5.2.1

Thermal Conductance Measurements

We have designed a dedicated apparatus to carefully measure a thermal conductance
of stacks of powdered sapphire disks. 3D model of the apparatus is shown in Figure 5.3. It consist of a hot stage, cold stages and a guard stage. Hot stage is isolated
from cold stage only by two identical samples by being clamped in between them.
Clamping screws pass through hot stage without touching to it. Force on samples is
controlled by using torque screw driver with 6% nominal accuracy and maintained by
using compression springs. Calculations show that thermal leak through thermometer and heater wiring harness would be comparable to thermal leak through samples.
Thus, wiring harnesses are heat sunk to a guard stage whose temperature is controlled
to be same as the hot stage, to minimize heat leak from hot stage through the wires.
The guard stage is comprised of a thermometer and a heater to monitor and control
the temperature; and it is thermally isolated from cold stage by means of 0.75 inches
tall Vespel stand. The setup is protected against IR by using light-tight shielding box,
that was made by gluing copper and aluminum foils on to the Stycast 1266 epoxy
painted paper frame. Electrical connections to the heaters and thermometers inside
the box is made through connectors that are glued down to the cold stage as can be
seen in the figure.
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Figure 5.3: Apparatus to measure thermal conductance of the sapphire stack joints.
Two identical samples are clamped between hot stage and cold stages by using compression springs with 1 kN of force. Upper and lower cold stages are connected with
16 AWG copper wire (not shown in figure). Wiring harnesses of the thermometer and
the heater at hot stage are heat sunk to the guard stage which is controlled to have
same temperature as the hot stage to reduce the heat leak through the wires. The
setup is protected against infrared radiation by using light-tight copper-aluminum
shielding box.
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Steps of sample preparation and the complete setup of the thermal conductance
measurement of stacked disks is shown in Figure 5.4. First, 0.5 mm thick, 9.5 mm
diameter sapphire disks are cleaned with acetone and isopropanol alcohol (IPA),
weighed before adding any powder and set on some flat surface as shown in Figure 5.4 a). Then an alumina powder is uniformly sprinkled over the disks by using a
salt shaker as shown in Figure 5.4 b). At this step to make sure that we have same
amount of powder on each disk, we randomly pick few disks from different locations
on the set and weight them again. Then the powdered disks are moved to the experimental setup and aligned by using three stainless-steel pin gauges as shown in Figure
5.4 c). After putting on all powdered disks and copper parts, which are also cleaned
with acetone and IPA, 3 long stainless-steel screws with stainless-steel compression
springs 4 are used to tighten parts together and the alignment gauges are removed as
shown in Figure 5.4 d). Here we are using torque screw driver to set 1 kN force on
the samples. After putting on Ruthenium Oxide

5

thermometers and 1 kΩ resistor

heaters on hot and guard stage we put on IR radiation shield box and the setup is
ready for cool down and measurements.
Thermal conductance measurements of the disk stacks were carried out in UNM
cryostat by measuring the temperatures of cold and hot stages of the apparatus for
given applied power. Cold stage of the apparatus is attached to the GGG stage
of the ADR and ADR’s magnetic field is regulated with PID controller to regulate
its temperature at 400 mK for all measurements. Then different amounts of power
is applied to the heater on the hot stage and waited until the stage’s temperature
equilibrates, indicating that the thermal leak through the sample is equal to the
applied power. Data from a sample with stack of 6 disks is shown in Figure 5.5 as
an example. The blue line on top figure shows the temperature of the cold stage,
that is kept at 400 mK and the dashed red line shows the temperature of the hot
4
5

Stainless-steel springs are from Century Spring Corp., CSC# S-373
RuOx temperature sensors are from Lake Shore Cryotronics, Inc.
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a)

b)

c)

d)

e)

Figure 5.4: Sample preparation steps: a) clean disks on a flat surface b) alumina
or diamond powder sprinkled c) powdered disk aligned on bottom cold stage d) two
stacks of six disks with powder clamped together with 3 compressed springs e) complete setup with thermometers and heaters are attached.
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stage and that stabilize at different temperatures depending on the applied power.
Assuming that the thermal conductance of the sample obeys a power law (κ(T ) =
AT B ), we can integrate the conductance from the cold stage temperature to the hot
stage temperature to obtain the thermal leak through the sample. By fitting the
calculated thermal leak to experimentally applied power we calculate coefficients of
the thermal conductance. Applied power and the fit is shown for the same sample in
bottom figure of Figure 5.5.
We have measured thermal conductances of four samples in this way: bare sapphire disk (1 mm thick here only), single layer of alumina powder (∼ 3 mg) in between
two sapphire disks, thick layer of alumina powder (∼20 mg) in between two disks and
stack of six disks with thick layer of powder. In stack samples we have alumina powder in between all disks and in between top disk and the upper cold stage, i. e., for
6 disk sample we have 6 layers of powder.
Measured thermal conductances of our samples and data for powder joints from
Bintley et al. [11] is plotted in Figure 5.6. Our measured data for single powder
layer samples is shown in red and their results are shown in turquoise. For the thin
powder layer sample the thermal conductance is measured to be 4.4 µW(T/K)1.8 and
for the thick layer powder it is measured to be 1.9 µW(T/K)1.7 . Here the exponents
of the power law agrees with each other and increasing the powder amount decreases
the pre-factor, this is expected because when the amount of powder is increased
beyond full coverage it is like adding thermal resistances in series. On the other
hand, Bintley et al. measured the thermal conductances with exponents around 2.42.9. The difference in two different measurements could be due to the difference in
data analysis or difference in experimental conditions. To test the first possibility we
took measured data from Bintley et al. and applied our data analysis and verified
their results, this shows that the two analysis agrees with each other. Then to test our
experimental setup we measured thermal conductance of bare sapphire disk, which
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Figure 5.5: Top: Temperature of the hot stage and the cold stage vs time as different
powers applied to the heater at the hot stage for 6 disk stack sample. Temperature
of the guard stage is not plotted here, since it is indistinguishable from the hot stage
temperature. Bottom: Fit to the applied power vs hot stage temperature. In Model1
6 disks assumed to be single object, where as in Model2 it is assumed to be series
connection of 6 thermal resistances, and hot end temperature of one is given as cold
end temperature of the other.
87

Figure 5.6: Comparison of our measured thermal conductances vs Bintley et al. Our
data was taken between 400 mK and 2-3 K and extrapolated for the plot. For comparison, the thermal conductance of a cylindrical Vespel rod with dimensions of our
6 disk stack was plotted (height = 0.5 mm, dia = 10 mm).
was also measured by them, and obtained 17 µW(T/K)2.7 . The exponent here agrees
with their results indicating that the experimental setups in two cases are reasonably
close. The inconsistency of the exponents for the powdered samples might be due to
difference in the alumina powder that was used in two experiments.
Additionally, we measured thermal conductance of 6 disks - 6 thick layers powder
stack. Using same fitting procedure gives 0.33 µW(T/K)1.2 for the thermal conductance of the sample with 20% error at some points (Figure 5.5, bottom, dashed line).
On the other hand, we can model this sample as a series connection of 6 single layers
by giving hot end temperature of one layer as a cold end temperature of the next
layer (Figure 5.5, bottom solid line). Assuming all layers in the system have same
power law we obtain thermal conductance 1.8 µW(T/K)1.6 which is in good agreement
with our single layer thick powder result.
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Following these results we built the suspension with stacks of sapphire disks and
thick layers of alumina powder.

5.2.2

Boyd Suspension

3D model of our Stacked Sapphire Suspension is given in Figure 5.7. The compact
suspension consist of five plates with three different temperatures. All plates are
isolated from each other with three stacks of sapphire disks in parallel. The plates are
held together with approximately 1 kN of clamping force by using Belleville washers
with 6 screws that only touch to the top and the bottom plates and pass through
intermediate plates. The force is adjusted by using same torque screw driver that
was used in thermal conductance measurements. The middle plate is Y shaped and
holds the CPA pill at T∼50 mK. The next two outer plates are heat sunk to GGG
pill and they are at T∼300 mK. The top and the bottom plates are at 1.3 K. The
suspension sits on an adapter plate at 1.3 K which is isolated from the 3.5 K stage by
Vespel spacers. This plate is designed to adapt the new suspension in to the place of
the previous Kevlar fiber suspension.
With the new suspension, we reach below 45 mK (limited by our thermometers)
at the FAA stage and 300 mK at the GGG stage by cooling from 1.3 K. Cold stage
can be regulated at 50 mK for more than 48 h. From scans of the devices on the ADR
stage, we observed 1.2 µm shift after full ADR cycle, which is significant improvement
from 25 µm shift that we had with Kevlar suspension. On the other hand, improving
rigidity created strong mechanical coupling between the ADR stage and 3.5 K stage.
We observed heating on the ADR stage due to vibrations caused by attocube scan,
that is located on 3.5 K stage (Figure 5.8). Using measured heat capacity of the ADR
stage at these temperatures (∼1 J/K) and the temperature change (1 mK/ 20 min)
we estimate the load as 0.8 µW. With this suspension we measured 1.2 µW thermal
leak between 200 mK stage and 1.3 K stage. The suspension have been used in UNM
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Figure 5.7: Compact suspension consist of 5 plates: Top and bottom plates are at
1.3 K, next two plates are at ∼250 mK and the center plate is at ∼50 mK. 6 screws
clamp all stages with sapphire stacks in between them, by touching only top and
bottom plates, with 1 kN of force. The suspension is attached to the adapter plate,
which sits on 3.5 K stage and isolated from it by Vespel spacers.
cryostat for more than 3 years without any problem.

5.3

Device Characterization Stage

The last part of the experimental setup is the device characterization stage which is
attached to the ADR FAA stage to test the MMCs at 50 mK. This stage has two
main parts: a chip-carrier PCB board and machined device stage. These parts were
designed compatible with each other as a part of this dissertation, thus I am going to
describe them here in detail.
To operate the MMCs at low temperatures we need to make electrical connection
to SQUIDs and magnetization circuit of the array-chip. This is usually achieved by
mounting the MMCs to some chip-carrier PCB board and using aluminum wire bonds
or gold wedge bonding to make connection between them. The PCB board is 1/32
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Figure 5.8: Temperature of the ADR stage during attocube scans. Between 17:40
and 18:00 attocube moves fast and the laser on the pulser stage is on, between 18:05
and 18:25 attocube moves slowly and the laser is still on and between 18:40 and
18:45 attocube moves slowly and the laser is off. Vibration of attocube motion causes
fluctuations and about 1 mK increase in ADR temperature. The heating due to
attocube vibration is estimated to be around 0.8 µW.
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b)

a)

c)

d)

Figure 5.9: a) MMC array-chip carrier pcb board top, b) carrier bottom, c) MMC
array-chip is mounted and bonded to the chip-carrier d)FR4 frame is attached to
protect he device
inch thick, has 2 layers with soft gold finish to be suitable for gold wedge bonding.
Usually when copper traces on such boards are plated with gold nickel barrier layer
is used in between to prevent diffusion of the gold into the copper, we have specially
requested to avoid nickel since it is magnetic and may degrade performance of the
SQUIDs. Top and bottom photos of ready to use chip-carrier

6

is shown in Figure

5.9 a) and b).
General dimensions of the carrier can be visualized as an overlap of 0.85 inch square
with 0.98 inch diameter circle. It can be mounted on to both UNM and LLNL device
stages by using four of 0-80 brass screws. Four screw holes at the corners are vias
that are connected to the top and bottom ground layers to promote thermalization.
Only top layer is used for device wiring and bottom of the carrier is filled with gold
plated Cu layer to increase thermal contact between the carrier and the device stage
underneath. Ground plane on the top is connected to the ground layer on the bottom
with 14 vias to improve thermalization of the top layer. Gold thermal bus on the
array-chip will be directly connected to the top grounding layer by using Au wedge
bonds. The MMC array-chip will be mounted to the center of the carrier, where
we can see a cut through just below the absorber area to reduce any backscattering.
Four set of SQUID lines in each side are connectorized by using 16 pin double row
6

Fabricated by Avanti Circuits Inc., Phoenix, AZ
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connector with 50 mil spacing7 which can be seen in Figure 5.9 b). Magnetization
wiring harness is directly soldered in to the vias on the carrier and its traces on the
carrier are tinned with solder to make them superconducting at low temperatures to
reduce heating during current injection. These lines are not connectorized because
heating from normal metal connectors caused problem during current injection. To
protect the array-chip and its wire bonds 1/16 inch thick Garolite G-10/FR4 frame
is cut in suitable shape and glued to the top of the PCB board by using Stycast 1266
epoxy shown on Figure 5.9 a). Once the carrier is ready the MMC array-chip is glued
down to the center of the carrier and SQUID lines, magnetization lines and heat sinks
wire bonds are attached. Here for the SQUID and heat sink lines we are using 25 µm
wide gold ribbons to have a good thermalization. And for the magnetization lines we
are using Al wires since they are superconducting below 1.2 K. Photo of the MMC
array-chip after it is attached to the carrier and all wire bonding is done is shown
in Figure 5.9 c). To protect the wire bonds from accidental damage 1/32 inch thick
FR4 cover is glued to the FR4 frame (Fig. 5.9 d)). This cover can also be used for
holding lead collimator which can be used to prevent off-absorber particle strikes. At
this point the devices are ready to be attached to the cold stage.
The second part of the device characterization stage is the machined device stage
that is used to hold the devices on the ADR rod. This part is machined from OFHC
Copper, which is very good electrical and thermal conductor, to achieve good thermalization at low temperatures. There are five cuts around carrier attachment area,
two of them are for fitting the SQUID connectors, other two are for passing the magnetization wires and one on the middle is for reducing the backscattering from the
copper stage. To protect the copper parts from oxidation and to reduce emissivity
they are plated with 30 µm thick gold

8

without any Nickel diffusion barrier layer.

The photo of the gold plated stage with its cover is shown in Figure 5.10. Here the
7
8

From Mill-Max Mfg. Corp. with PN: 853-43-100-10-001000
Plated by Theta Plate, Inc., Albuquerque, NM

93

Figure 5.10: Device testing stage and it’s cover. Device area and the cover is wrapped
with 10 mil lead foil.
cover is tinned with eutectic solder and covered with 10 mil thick lead foil to reduce
static magnetic fields by using Meissner effect for the superconductors.
Once MMC array-chip is mounted and bonded to the carrier and the device stage
is ready the two parts are put together as shown in Figure 5.11. In Figure 5.11 a), 10
mil thick lead foil with 1 mm × 4 mm cut as a collimator is glued to the FR4 cover.
For heat-sinking the lead foil 3 mil thick copper foil is put on top with Apiezon-N9
grease and attached to the cold stage by using same screws that are used to hold
the carrier. In Figure 5.11 b), Cryoperm 1010 magnetic shield is added. This part
is bent into the shape shown in the Figure from 1 mm thick sheet and annealed at
1100 ◦C under vacuum to increase performance at low temperatures[71]. Bottom of
the device stage after adding the bottom Cryoperm shield is shown in Figure 5.11 c).
After everything put together the stage is moved into the cryostat and attached to
the ADR rod and ready for cool-down.
9
10

Product of M&I Materials Ltd.
Product of The MuShield Company
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a)

b)

c)

Figure 5.11: a) Array-chip carrier is mounted on device stage, b) Lead covered cover
and top mu metal shield in put on, c) bottom of the stage.

5.4

Cryostat Operation

Once the MMCs are attached to the ADR stage it is time to start the “cool down”.
First, the three aluminum shells are put on and the cryostat is pumped below
500 mtorr by using a rotary pump. Here we pay attention not to exceed ∼1 torr/ sec
pump rate, to avoid damaging the Mylar insulations. Then a turbo pump is engaged, which is present in series to the rotary pump and the cryostat is pumped
below 50 mtorr. Then PTR is turned on and the cooling is started. After around
∼24 h the lower stage of the PTR reaches below 77 K (condensation temperature of
nitrogen) and cold parts of the cryostat starts to act as cryopump by freezing the
particles in their proximity. At this point a pumping valve that connects the cryostat
to the external turbo and rotary pumps is closed and the system is isolated. After
about twelve additional hours the cold stage reaches to 4.2 K. At this temperature
the SQUIDs can be operated to obtain some basic characterization, and the ADR
can be launched from this temperature to reach below 100 mK to obtain some information about low temperature performance. For testing the devices at very cold
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temperatures the 1-K pot is filled for 24 h and then operated. When ADR is launched
from 1.5 K it reaches sub 45 mK temperatures and by regulating the magnet current
it can be kept at 50 mK for around 48 h.
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Chapter 6
Results and Discussions
Detailed characterization of MMC device performance is ongoing at the time of writing. Here we describe our pulse-processing in its present form and some of the notable
measurements and results to date.
MMCs developed by our group were characterized in two different cryostats. At
UNM, they were tested down to 40 mK by using our PTR-ADR cryostat by measuring
the energy spectra of

55

Fe source. With 100 mA trapped magnetizing current the

energy resolution was around 60 eV for 6 keV X-rays. This poor energy resolution is
not surprising since this devices with thick absorbers are optimized for high energy
γ-rays, to perform best at lower temperatures and also our pulse processing tools are
not completely optimized yet.
High resolution γ-ray spectrum of the

241

Am was obtained at LLNL by using

dilution refrigerator cryostat. The devices were tested at 10 mK and with 95 mA
magnetizing current 60 keV γ-rays were detected with 38 eV energy resolution. To
our knowledge this is the best energy resolution with MMC at 60 keV to date.
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6.1

Data Acquisition and Pulse Processing

UNM γ-ray MMCs are optimized to achieve the best performance at low temperatures
∼10 mK. Since the base temperature of the UNM cryostat is ∼40 mK, we are not
expecting to obtain the best performance of our devices in UNM cryostat but we
can still characterize the devices, learn some important physics and develop data
acquisition/pulse processing tools for the next generation devices. In the future,
beside lowest temperature devices we are planning to develop some devices that are
optimized for ∼50 mK temperatures.
Data processing tools used to obtain the energy spectra of the

55

Fe source are

developed in a very short time. They can be used to obtain results but they are not
completely optimized yet. Our present pulse processing is not real time. First the
data is saved and then processed to obtain the energy spectra.
LabVIEW (LV) is used to record the data from DT98621 data acquisition (DAQ)
module. Although the DAQ is capable of recording data up to 10 MS/s, the LV code
on our present hardware can only support the recording up to 500 kS/s. This can be
improved in the future by using some other programming language, i.e., C or Python.
The code generates a new text file for each minute of data with a time stamp of the
recording time as a file name. The data file contains only column of voltage signal.
Time of any data point can be calculated by using the time from the file name plus
index of the data point times the sampling period. Then MATLAB is used to extract
individual pulse records and save them to a new location. To obtain pulse records
the MATLAB code applies moving-average filter to the data and then divides it to
data windows with a predefined size. Then it looks for the local maximums in those
windows, if there is a peak that is bigger than a threshold value, it saves that peak to
a new pulse record file with time stamp of the peak as a name of the file. Typically
the pulse record contains 1/4 or 1/5 of the pulse data before the peak.
1

From Data Translation, Germany
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To obtain the energy spectra from recorded pulses the optimal filter [92] is applied.
This method is statistically optimal only if following assumptions are satisfied [43]: 1)
Pulses are transient change from some fixed baseline. 2) All pulses have same shape
but different amplitude which is linear with absorbed energy. 3) They are separated
in time such that they don’t have any effect on each other. 4) The noise is stationary
and only additive. 5) The noise is distributed as a multivariate Gaussian. Although it
is not possible to fulfill all of these requirements completely, we can do a few things to
improve the results. For example, we can discard the recorded pulses where the third
condition is not satisfied. Some of the pulse files contain irregular pulse shapes due
to random SQUID reset or pile up of two or more pulses which cause degradation in
energy resolution. To identify these irregular pulses, they are compared to an average
pulse shape. First, we hand pick 50-100 regular pulses and average them to obtain
the pulse shape. Then we compare all pulse files with the average pulse shape by
calculating the coefficient of determination (R-squared) which is defined as:

R2 = 1 −

SSE
SST

(6.1)

Where SSE is the sum of square error and SST is the sum of squared total. If the
R-squared for the given pulse file is small then that file is removed from the further
analysis.
Application of optimal filtering is well-described in [43]. To apply the optimal
filter we need to have a pulse shape, an average noise and pulses. The average noise
is obtained by averaging 10-20 noise files in frequency domain. Then the optimal
filter template is obtained by using the equation given by [43]:

OF = (M T R−1 M )−1 M T R−1

(6.2)

Here M is N ×2 matrix whose first column is the pulse shape and second column is all
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ones, R is noise autocorrelation matrix, N × N symmetric Teoplitz matrix whose first
row is the noise autocorrelation estimate. The first row of the result is the optimal
filter template.
Then the optimal filter template is multiplied to all individual pulse records and
height of the pulse is obtained from first component of the result. The calibration of
the detector is done by setting the most abundant pulse amplitude equal to known
energy of the photon from nuclear data tabulated at Brookhaven National Laboratory
database[58].

6.1.1

55

Fe Data at 40 mK

Energy spectra of

55

Fe source taken with two different MMC devices is shown in

Figure 6.1. Both data sets were taken at ∼40 mK with 100 mA trapped magnetization
current. On the left, the spectrum was taken with a device without any absorber,
where the 1.5 µm thick paramagnet is the stopping component. We measured 58 eV
FWHM energy resolution with this device. On the right, the spectrum taken with
device with 30 µm thick absorber and FWHM energy resolution is around 260 eV.
To obtain these spectra we assume that there are two peaks at 5888 eV (Kα2) and
5899 eV (Kα1) which have Gaussian distribution with same FWHM and Kα1 has
double the intensity of the Kα2 [58]. Kβ1 peak at 6.49 keV and Auger electrons peak
at 5.19 keV are obtained naturally based on this calibration.
The data from “no-absorber” device was analyzed independently by our collaborators at LLNL and they have obtained 33 eV by using trapezoidal filter with drift
correction. Here the drift correction is applied to remove the effect of the fluctuations
in the temperature of the device on the pulse height. This is typically done by convolving a Hanning and/or moving average filter over the pulse records of individual
peaks in the spectrum [6]. We plan to add this drift correction to our pulse processing
at UNM in the near future, as it may account for the improvement from our 58 eV to
100

Figure 6.1: (Left) Spectra from Fe55 source by MMC without absorber, (Right) with
absorber. The Auger electrons peak at 5.2 keV is not observed with the absorber
device.
their ∼33 eV.
Ideally heat capacity of the paramagnetic sensor material and the absorber of
the MMCs is calculated by using the Eq. 2.2. For this we need to measure the
temperature dependence of the magnetization - M (T ). Unfortunately the particular
device on the chip designed for this purpose did not function due to the electrical
shorts on the chip caused during the fabrication due to the PECVD tool problem
previously described. However, we can learn about heat capacity comparing absorber
and no-absorber devices.
These two devices have the same thermal “bottleneck” to the electroplated thermal
bus on the chip, thus we assume they have same thermal conductance to the heat
bath. By using the relation between decay time constant, heat capacity and thermal
conductance given by Eq. 2.47 we can calculate the ratio of heat capacities of two
devices from ratio of the decay time constants. The decay time constant is obtained
by fitting the pulse shape with a single exponential decay. By using measured 1.4 ms
and 7.3 ms for no-absorber and absorber devices we estimated that the heat capacity
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Figure 6.2: (Left) Noise spectra of devices with absorber and without absorber and
with and without magnetization current. (Right) Calculated responsivity of the same
devices
of the paramagnetic sensor material is about 1/4 of the heat capacity of the 30 µm
thick absorber. Here we assumed the other thin layers such as gold thermalization
layer over the paramagnet, layers used for adhesion and superconducting Nb cap have
negligible contribution to the heat capacity. By using the Eq. 2.4 we have calculated
the absorber heat capacity ∼24 pJ/K and thus the paramagnet would be ∼6 pJ/K.
Using these values in Eq. 2.44 we get ∼11 eV and ∼24 eV respectively for the energy
resolutions. The calculated energy resolution of the no-absorber device is better than
the measured value of 33 eV, this is probably due to contributions from other noise
sources.
Noise spectra of absorber and no-absorber devices, each with and without the
trapped magnetizing current is shown in Figure 6.2 (Left). We expect to have sensitivity to thermal fluctuation noise when the paramagnet is magnetized. Here when
the paramagnet is magnetized we observe a dramatic increase in noise in both devices.
The roll-off frequencies of these noise agree well with the expected roll-off frequencies
of the responsivity of the devices which is given by Eq. 2.53 and shown in Figure 6.2
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(Right). Detailed characterization of the noise spectra is ongoing. For the complete
noise model we are working to obtain erbium concentration to calculate the Er 1/f
noise and we need the true heat capacities to calculate the thermal fluctuation noise
and contribution of these noise sources to the energy resolution.

6.2

High Resolution γ-ray Spectrum of

241

Am

Our collaborators at LLNL can reach low temperatures less than 10 mK by using dilution refrigerator. Using our MMC devices at these temperatures they have obtained
high resolution γ-ray spectrum of

241

Am [14].

During collecting the data the cold stage temperature was regulated to 10 mK by
using the BlueFors LD-400 dilution refrigerator. A thin layer of Kapton tape was
used in between the cold stage and the device testing stage to electrically isolate the
MMCs from cryostat, to avoid problems due to the electrical shorts on the chip. Since
thermal conduction at these temperatures is very low we expect there might be some
temperature standoff between temperature regulated cold stage and devices. The
trapped magnetizing current was 95 mA. The

241

Am test source was located outside

of the cryostat and there was a thin window between the source and the MMCs.
The MMC input SQUID was monitored in two-stage SQUID readout configuration,
similar to ours, with AR232-16 SQUID array amplifier from STARCryo. Then the
readout was low-pass filtered with 1 MHz bandwidth and recorded by using 16-bit
GaGe digitizer with 2 MS/s sampling rate. Trapezoidal filter [6] was used to process
6 ms-long pulse records by using 0.9 ms peaking time and 2.5 µs gap time. There are
two gradiometric pixels monitored by each MMC SQUID which produce positivegoing and negative-going signals when the γ-ray is absorbed. These two kinds of
signals were linearly calibrated separately, using the

241

Am lines at 26.3 keV and

59.5 keV. Then the two calibrated spectra were combined to produce the spectrum
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Figure 6.3: Gamma-ray spectrum of 241 Am. this data was taken at 10 mK in dilution
fridge refrigerator at LLNL.
shown in Figure 6.3.
To our knowledge 37.5 eV FWHM is the best energy resolution at 60 keV to date
with MMC. We think this result can be improved further by improving the thermal
anchoring of the devices to the cold stage and also improving the magnetizing wiring
harness to deliver more than 100 mA.
Further characterization of the devices is ongoing to obtain detailed information
about temperature and magnetizing current dependence of signal size, energy resolution and on-chip SQUID heating.
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Chapter 7
Conclusion
A new, ultra high-resolution γ-ray spectrometer is desired for non-destructive assay
of nuclear material because the benchmark technology, HPGE detectors, has limited
energy resolution. We have successfully demonstrated that the MMCs can be used
for this purpose, by detecting 60 keV γ-rays with 38 eV energy resolution [14]. In this
dissertation two components of these detectors have been developed. Additionally, a
new rigid thermally isolating suspension have been built to support the ADR stage
at low temperatures.

7.1

Summary

The first component developed as a part of this dissertation is the high current magnetization circuit. The circuit consist of a room temperature current source, high
current wiring harness and on-chip persistent current switch. The current source is
a simple op-amp circuit and powered by using two 12 V batteries. It was developed
to achieve low noise for the devices without on-chip persistent current switch and
used to electrically isolate the magnetizing circuit from cryostat ground. This ground
isolation was crucial for the MMCs that had on-chip electrical shorts between the
magnetization circuit and the SQUID circuit.
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Next part of the circuit is the high current wiring harness that goes from room
temperature to the device characterization stage at 50 mK. Our previous generation magnetization circuit had limited current carrying capacity, partially due to the
wiring harness. The problem was solved by developing a new wiring harness by using
low resistive phosphor-bronze wire at high temperature stage, adding 50 A superconducting wire with thick copper matrix at 3.5 K stage which can provide improved
self-cooling and improving the heat sinking at 3.5 K stage by introducing “plate-type”
heatsinking. With the new harness we have successfully demonstrated delivering up
to ∼2 A to the 50 mK stage without heating when the end of the harness is connected
together and up to 320 mA with test chip attached.
Last part of the circuit is on-chip superconducting magnetizing persistent current
switch. The magnetizing current can be trapped in the on-chip superconducting loop
in a persistent mode and the circuit can be isolated from room temperature. This is
traditionally done by using heater controlled persistence switch. We have developed
a new passive persistence switch by using NbTa bilayer and alloy shunts with Tc
around 5 K. The current trapping with these switches was successfully demonstrated
on two-layer test chips in special experimental setup[51] and then successfully applied
to our present MMCs [14].
The second important contribution of this dissertation is a new fabrication process
used to attach thick electroformed gold absorbers to the MMCs. To have enough
stopping power for high-energy γ-rays typically ∼100-200 µm thick gold absorbers
are needed. This is usually fabricated by using SU-8 [77] or AZ125-nXT [7, 67]
photoresists which are hard to process. Here we have introduced a new fabrication
process by using two layers of dry-film photoresists to produce cantilevered absorbers.
With this process we have attached 30 µm thick absorbers on top of 20 µm tall posts
to our MMCs [50]. We have also demonstrated layering two 50 µm thick photoresists,
exposing and developing them together and electroforming 100 µm thick absorbers on
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test structures. The new absorber fabrication process is relatively easy compared to
other methods used for this purpose and produces very robust absorbers that survived
many rapid immersions into liquid nitrogen and long sonication in solvents.
Moreover, this dissertation include development of a new suspension by using
stacks of powdered sapphire disks. We have measured thermal conductance of stacked
sapphire disks with alumina or diamond powders in between them. Based on these
measurements we have built a new suspension, designed by Dr STP Boyd, which
provides improved rigidity compared to Kevlar suspensions.
Our complete devices with NbTa62 alloy passive persistent switches and electroformed 30 µm thick gold absorbers was used at LLNL to measure γ-ray spectra of
the 241 Am test source and showed 38 eV energy resolution at 60 keV. This is the best
result up to date with MMC in this energy range.

7.2

Future Work

Next generation MMCs can be improved in term of optimum design, stopping efficiency and detection area. Our present devices were optimized mostly to maximize
the signal to noise ratio of the MMC input SQUID. This can be improved by including
accurate thermodynamic properties of the sensor material and various noise sources
in the simulations to maximize the energy resolution. Now we have a model which
can be used to obtain thermodynamic properties of AgEr paramagnet for different
concentration of Er. Currently we are working on to understand the performance of
our present devices by comparing our models with the experimental data. For this we
have made a thin film sample from our AgEr paramagnet and we are going to verify
the concentration of the Er atoms by measuring the M (T ) in Magnetic Property Measurement System (MPMS). Then we need to obtain the α of the AgEr by measuring
the magnetization vs temperature at very low temperatures and comparing with the
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model. Using these information in our simulations the next generation devices can
be optimized further.
The stopping efficiency of the devices can be increased by electroforming thicker
absorbers. We have already demonstrated 100 µm thick absorber fabrication on test
structures, this can be applied to the real devices. Moreover, a new electroplating setup is being developed which will simplify the absorber fabrication process by
eliminating use of epoxies for making electrical contact to the chip and masking the
unintentionally open areas. RRR of our electroplated gold can be improved by exploring various electroplating parameters, i.e., solution temperature and the current
density. On the other hand, a different, low heat capacity materials can be used,
instead of gold. One possible choice is the gold-bismuth bilayer which is used in TES
detectors. Possible drawbacks of using this material is that the fabrication process
needs to be figured out. Alternatively, superconducting absorbers, i.e., Sn or Rh can
be explored.
Detection area can be increased by increasing the size of the single absorbers, but
this would increase the heat capacity and degrade the energy resolution. On the other
hand, the number of the pixels can be increased, e.g., up to few hundreds pixels. In
this case, one needs to figure out the number of wiring that is required to run the
detectors. If the pixels are controlled independently, each pixel would require at least
four wires. This is not practical, because this will increase the heat leak to the cold
stage and increase the base temperature. Solution of this problem is typically using
some kind of multiplexing where reduced wire count is used to readout many channels.
Two kinds of multiplexing is mainly used by low temperature community: timedomain (TDM) [24] and frequency-domain (FDM) [65] multiplexing. In TDM, each
pixel is read for some amount of time by series of analog switches at low temperature
and then the data is reconstructed at room temperature. In this framework the
bandwidth is limited by the switching rate, typically ∼125 kHz, which is not desirable
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for the MMCs. In FDM, on the other hand, each pixel is a part of a resonance
circuit with different resonance frequency and a single coax cable is used to collect all
carrier frequencies. Heidelberg group’s recent work [62] has shown that this method
is promising for the MMCs.
To increase the performance and the efficiency of our next generation devices we
are planning optimize the devices further by using our updated models, electroforming
thicker absorbers and possible building multi-pixel detectors.
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Appendices
A

Definition of Energy Resolution

Energy resolution of the detectors is defined as FWHM of the Gaussian Distribution.
Gaussian function of x around x0 is defined as:
−(x−x0 )2
1
f (x) = √ e 2σ2
σ 2π

(1)

Here σ is the standard deviation of the function. To find FWHM we need to find
values of the x where the function becomes half of the it’s maximum value:
1
f (x± ) = f (x0 )
2

(2)

−(x± −x0 )2
−(x0 −x0 )2
1
1
√ e 2σ2
= √ e 2σ2
σ 2π
σ 2π

(3)

in extended form:

after canceling prefactor one gets:

e

−(x± −x0 )2
2σ 2

= 2−1

(4)

thus,
√
x± = ±σ 2 ln 2 + x0
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(5)

and FWHM is defined as:
√
F W HM = x+ − x− = 2 2 ln 2σ = 2.3548σ

B

(6)

Fundamental Energy Resolution of Semiconductor Detectors

This derivation is from [88].
When the photon with energy E0 is absorbed in the semiconductor detector Ni ionizations, i.e., electron-hole pairs is generated, thus one can write:

E0 = Ni 0

(7)

where the 0 is the average energy per ionization. Note that this is not only the band
gap, but also the energy that goes to the phonons which are generated to conserve
the momentum. Thus one can write:

E0 = Ni · Ei + Nph · Eph

(8)

here the Ei is usually the band gap of the semiconductor, Nph and Eph are the
number and energy of the phonons. Assuming fluctuations in number of ionization
and phonons would balance each other for some fixed amount of deposited energy,
one can write:
0 = ∆Ni · Ei + ∆Nph · Eph

(9)

Assuming the Gaussian distribution, variance in the number of ionization and phonons
would be:
√
σi =
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Ni

(10)

and
σph =

p

Nph

(11)

On the other, if more energy goes to ionization less energy would go to the phonons,
thus variances in two types of energies should be equal:

Ei σi = Eph σph

(12)

Eph p
Nph
Ei

(13)

Thus,
σi =

From Eq. 8 we can express number of phonons as:

Nph =

E0 − Ni Ei
Eph

(14)

yielding
σi =

Eph
Ei

s

E0
Ei
−
Ni
Eph Eph

(15)

using Eq. 7 here one would get:
Eph
σi =
Ei

s

Ei E0
E0
−
=
Eph Eph 0

r

E0
0

r


Eph  0
−1
Ei Ei

(16)

the factor under the second square root is called the Fano factor, thus we get:

σi =

p
Ni F

(17)

Energy resolution would be:

∆E = 2.35σE = 2.360

p

r
Ni F = 2.360

112

p
E0
F = 2.36 0 Eγ F
0

(18)

C

Fundamental Energy Resolution of Microcalorimeters

Thus to find the FWHM of the energies measured by the detector we need to derive
standard deviation of energy. One can start with definition of the standard deviation:

σE2 = h(E − hEi)2 i

(19)

after expanding the parenthesis and applying mean operation to inside terms one
gets:

σE2 = hE 2 − 2EhEi + hEi2 i = hE 2 i − 2hEihEi + hEi2 = hE 2 i − hEi2

(20)

In canonical ensemble mean of the energy and mean of square of the energy are
defined as
P
−βEi
i Ei e
hEi = P
−βEi
ie

(21)

P 2 −βEi
i Ei e
hE i = P
−βEi
ie

(22)

2

where β =

1
kB T

and kB is Boltzmann constant. Substituting Eq. 21 and 22 into Eq.

19 one gets:
P 2 −βEi
2
i Ei e
σE = P
−
−βEi
ie

!2
P
−βEi
E
e
i
i
P
−βEi
ie

(23)

here one need to realize that the numerator of the first term can be written as:
X
i

X
i

∂ X −βEi 
e
∂β i

(24)


∂ X
Ei e−βEi
∂β i

(25)

Ei e−βEi = −

Ei2 e−βEi = −
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if we use Eq. 24 and 25 in Eq. 23 we would get:

σE2 =

∂
− ∂β

−βEi
i Ei e

P
P

i


−

e−βEi

∂
(− ∂β

 P
−βEi
e
)( i Ei e−βEi )
i
P −βE 2
i)
( ie

P

(26)

after multiplying both numerator and denominator of the first term with the denominator we get:

σE2 = −

∂
∂β

 P −βE
P −βEi  P
∂
−βEi
i
E
e
(
e
)( i Ei e−βEi )
)
(
i
i
i
ie
∂β
P −βE 2
P −βE 2
+
i)
i)
( ie
( ie

P

(27)

here one can realize that this expression is nothing but:
∂A
B
∂β

−

∂B
A
∂β

∂ A
( )
∂β B

(28)

P
∂  i Ei e−βEi 
P −βE
=
i
∂β
ie

(29)

B2

=

after simplification we would get:

σE2

use Eq. 21:
σE2 =

∂
hEi
∂β

(30)

mean energy is nothing but internal energy of the system:

σE2 =

∂U
∂U
∂T ∂U
=−
= kB T 2
= kB T 2 C
∂β
∂β ∂T
∂T

(31)

Thus,
p
F W HM = 2.36 kB T 2 C
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(32)
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Schönefeld,

Entwicklung

eines

mikrostrukturierten

magnetischen

Tieftemperatur-Kalorimeters zum hochauflosenden Nachweis von einzelnen Rontgenquanten, Dissertation, Ruprecht - Karls - Universitat Heidelberg,
2000.
[85] S. M. Seltzer, X-Ray Mass Attenuation Coefficients.
[86]

, Calculation of Photon Mass Energy-Transfer and Mass EnergyAbsorption Coefficients, Radiation Research 136 (1993), no. 2, 147–170.
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